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IV. Overview of Regulations 

A. FEMA 

1. Background of FEMA- Federal Emergency Management Agency 

2. FIRM-Flood Insurance Rate Maps maintained by FEMA 

3. FIS-Fiood Insurance Studies performed by FEMA 

4. NFIP-National Flood Insurance Program maintained by FEMA 

5. Floodplain Use Permit-Required for land use activities within a 
floodplain or flood hazard area as mapped by FEMA 

6. FEMA map revision process including required documentation, and 
problems in processing 

a) LOMR 
b) LOMA 
c) CLOMR 
d) Timing of FEMA Coordination Process 

7. Floodways & Multiple Profiles 

B. FHWA 

1. 23 CFR 650a 
2. Location Hydraulic Studies 

C. State and Local Regulations 

D. Environmental Permits 

1. USACE 404 
2. USEPA 

a) NPDES 

+ SWPPP (including BMPs) 
b) AZPDES 
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Floodplain Issues in Transportation Design 
Presentation Outline 

1/3/03 

I. Introduction 

II. 

A. Purpose of Course 

B. General description of transportation issues/encroachments 

1. Rivers are Dynamic 

2. Example of Bridge Crossing Effects : 

3. Example of Culvert and dip crossing effects: 

C. Examples of cases and scenarios that demonstrate floodplain 
issues, problems & constraints 

D. Design Process Preview 

Overview of ADWR/ADEM Roles 

A. Goa ls 
B. Process & Partnership 

Ill. Overview of State Standards 

A. SS1-97 
B. SS2-96 
C. SS3-94 
D. SS4-95 
E. SS5-96 
F. SS6-96 
G. SS?-98 
H. SS8-99 
I. SS9-02 
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V. 

VI. 

Key Open Channel Concepts 

A. Alluvial Fans & Sheet Flow 

B. Channelized Supercritical Flow 

C. Composite Flow 

D. Braided Flow 

Floodplain and Transportation Encroachment Concepts 

A. Hydrology 

1. Regional Relationships 
2. Rainfall-Runoff Relationships 
3. Watershed Modeling 
4. Gaged Data 
5. No Adverse Impact 

+ May have to develop improvements based on future watershed 
conditions near structures 

B. The Base Flood 

C. Floodplain Definition 

1. Broad Definition 
2. Riverine Flooding 
3. Sheet Flooding 
4. Uncertain Flow Path Flood ing 

a) Distributary Flow 
b) Braided Flow 
c) Anastomotic Flow 
d) Alluvial Fans 

D. Dynamic Nature of Streams in the Arid Southwest 

1. Humid vs. Arid Environments 
2. Alluvial Nature of Southwest Streams 
3. Lateral Erosion, Avulsion and Meandering 
4. Stream Degradation and Aggradation 
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E. River Hydraulics 

• 1. Manning's Equation for Uniform Flow 
2. Subcritical, Critica l and Supercritical Flow Regimes 
3. Stream Roughness 
4. Flood Profiles 

F. Floodplain & Floodway Delineation 

1. Information Required 

a) Aerial Photography 
b) Topographic Mapping 
c) Field Investigation 

2. Flood Profile Determination 

a) One-Dimensional Modeling 
b) Two-Dimensional Modeling 

3. Floodways 

G. Transportation Encroachments and River Response 

• 1. Types of Encroachments 

a) At-grade Crossings 
b) Culverts 
c) Bridges 

+ Include abutment & levee issues relative to bridges 
d) Other 

2 . River Response 

a) Scour 
b) Erosion, Meandering and Outflanking 
c) Backwater 
d) The "Long Contraction" and Stream Degradation 
e) Debris 

• 
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VII. Typical Problems in Transportation Encroachment of 
River Environments 

A Design Flood Frequency Selection 

1. Structure/Project Design Frequency 
2. Impacts on other Frequencies 

B. Flood Peak Discharge Estimation 

C. Existing vs. Design Conditions 

D. Selecting a Modeling Approach 

E. Increasing Base Flood Elevations 

F. Floodplain vs. Floodway Encroachments 
+ Refer to FEMA statutes for Floodways- Guaranteed Maintenance 

G. Transportation Design Conflicts with Natural Streams 

1. Horizontal Alignment 
2. Vertical Profile 

H. Non-Engineering Problems 

1. Costs & Funding 
2. Maintenance 
3. ROW 
4. Permits 

+ Address Environmental Issues/Concerns like 404, Endangered 
Species, Fish Habitat Protection etc. 

5. Federal Requirements 
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VIII. Effects of Scou r and Sedimentation 

A. Basic Sediment Transport Theory 

B. Sediment Transport Relations 

C. Sediment Continuity 

1. Impacts of Floodplain Constriction 
2. Impacts of Bank Stabilization 

D. Basic Scour Theory 

1. Nature of Scour 
2. Types of Scour 

a) General 
b) Bend 
c) Local 
d) Long-term 

E. Scour Pred iction Methods and Equations 

F. Effects of Scour and Sed imentation on Crossing Structure 
Safety & Capacity 

1. Scour of Structure 
2. Outflanking of Structure 
3. Long-term Stream Degradation 
4 . Sedimentation 
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IX . Overview of Acceptable Computer Models 

A. Hydrologic Models 

1. Regional Regression Equations 
2. Rational Method: ADOT & Others 
3. HEC-1 & HEC-HMS 
4. SWMM 
5. Others 

a) TR-55 
b) TR-20 
c) Penn State Urban Runoff Model 
d) MIKE-11 UHM 
e) DBRM 
f) HYMO 
g) Forest Service Hydro Model (?) 
h) Culvert Design Criteria Models (?) 
i) Trash Rack Design 

B. Hydraulic Models 

1. One-Dimensiona l Models 

a) HEC-2 & HEC-RAS 
b) WSPRO 
c) Others 

(1) FLDWY 
(2) Ouick-2 
(3) HY-8 
(4) WSPGW 
(5) SFD 
(6) PSUPRO 
(7) Manning 's Model in Excel 

2. Two-Dimensional Models 
+ Include discussion of limitations as appopriate 

a) FESWMS 
b) TABS 
c) SWMM 

+ Limitation : 20 
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X. 

XI. 

d) FL0-2D 
e) Others 

(1) FEQ 
(2) FLDWAV 
(3) ICPR 
(4) UNET 

+ Limitations: 2D and Time 
(5) MIKE-11 HD 

C. Sediment Transport Models 

1. HEC-6 
+ Limitation : sediment model routine 

2. FLUVIAL-12 
3. Others 

Overview of Design Guidelines 

A. Bridges 
B. Culverts 
C. Dip Crossings 
D. Low-Flow Crossings 
E. Levee Systems 
F. Channelization 
G. Super-elevation 

Design Process 

A. Project Initiation 

B. Principal Factors to be Considered in Design 

C. Resources 

1. Checklist of Data Needs 
2. List of Data Sources 

J 

Jd 

3. Use CLOMR process as part of the predesign process. CLOMR 
process considers basic Hydraulics & Hydrology parameters. 

D. Design Checklists 
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XII. Illustrated Examples 

• A. Crossing Defined Drainage Systems 

• 

• 

1. Lynx Crossing 
2. Rafter 11 Mobile Home Park 

B. Crossing Poorly Defined Drainage Systems 

1 . Moson Road 
2. Kolb RoadNentana Canyon 

C. Collecting Runoff Adjacent to Roadway And Conveying Cross-Drainage 
Efficiently 

1. State Route 90- Sierra Vista 
2. Highway 260- Wagon Wheel 
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I. 

1 Slide 

·r 3 slides 

Floodplain Issues in Transportation Design 
Presentation Outline By Section 

1/3/02 
Teaching Time: 15 Minutes 

Approx. 13 Slides Total: 
--see below for distribution 

Introduction 

A. Purpose of Course: To provide training to transportation designers 
and floodplain managers in the application of State Standards for 
Floodplain Management in Arizona, and other applicable rules , 
regulations and engineering practices for the design of 
transportation facilities , structures and improvements that affect 
floodplains. 

[USE FIG. 301 FROM CCDM-99] 

B. General description of transportation issues/encroachments 

1. Rivers are Naturally Dynamic 

a) Naturally occurring river changes can affect transportation 
structures: 

+ Example: Shortened flow paths (cutoffs) make rivers 
less "curvy" & increase streambed slopes and velocities. 
As a result, the river may no longer "want" to cross under 
an existing bridge, but would "prefer" a crossing 
elsewhere cause erosion and scour of upstream 
abutments and embankments. 

+ Illustration: Mississippi River Channel near Commerce, 
Missouri shows the river's surface area was reduced by 
50% in this area from 1884 to 1968. "Some of this 
change has been natural and some has been the 
consequence of river development work." HDS6-01 
(Sections 1.2.1 ). [USE FIGURE 1.2 FROM HDS6-01] 

Stan tee 
1 
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b) Structural projects, such as transportation construction 
projects may induce river changes, which may propagate 
upstream and downstream, sometimes quickly and 
sometimes over long periods of time. River changes may 
be induced by human activities including: channel alterations 
(such as straightening, dredging, clearing), land use 
changes (such as urbanization, agriculture, mining, and 
logging), streambed mining/excavation , or construction of 
dams or reservoirs ." HDS6-01 (Sections 5.7). 

c) Other causes of river change may include hydrologic 
changes, geological shifting (such as uplift or warping of 
earth 's surface) , climatic fluctuations (droughts, floods) , 
erosion and deposition at bends, or in some cases even sea 
level changes. "Much depends on flood events, bank 
stability, permanence of vegetation on banks and the 
floodplain and watershed land use" HDS6-01 (Sections 
1.2.1 ). [USE FIGURE 5.4 of HDS6-01]; HEC 20-95 
(FIGURE 12) 

d) "In summary, archaeological , botanical, geological, and 
geomorphic evidence supports the conclusion that most 
rivers are subject to constant change as a normal part of 
their morphologic evolution . Therefore, stable or static 
channels are the exception in nature." HDS6-01 (Sections 
1.2.1 ). 

2. Example of Bridge Crossing Effects: 

a) Bridge crossings are among the most common types of river 
encroachments . [FIGURE 5.27 AND 6.2 FROM HDS6-01] 
[FIGURE 18 FROM HEC 20-95] 

b) Some Possible Immediate Responses: Bridge construction 
may cause a contraction leading to local scour, water level 
changes (backwater), lateral instability, bank erosion, and 
deposition downstream. [FIGURE 2.38 FROM HDS6-01] 

c) Some Possible Delayed Responses: Constrictions may 
cause higher local velocities , which may affect tributaries as 

Stantec 
2 
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4 Slides 

1 Slide 

well as the main channel. Resulting erosion and soil 
degradation in those channels may adversely affect other 
transportation crossings of the tributaries or main channel as 
well as other floodplain related issues. [HANDOUT: 16 
PICTURES FROM TABLE 9.1 OF HDS6-01] 

3. Example of Culvert and Dip Crossing Effects: 
+ [NEED PICTURES & FIGURES ... ] 

a) Culverts and dip crossings may not be of such grand scale 
as a bridge, but are a far more common type of roadway 
improvement. 

b) Some Possible Responses to culvert and dip section 
designs may include sedimentation (which may plug a 
culvert or leave soil deposits within the dip section), 
streambed degradation, increased magnitudes and 
frequencies of flooding upstream (often due to culvert 
plugging), or undermining of roadway foundations (often due 
to upstream degradation). 

C. Examples of cases and scenarios that demonstrate floodplain 
issues, problems & constraints 

USE A FEW BELOW AS SLIDES-THE REST HANDOUTS: 

[FIGURE 21 AND FIGURE 23 OF HEC 20-95; OR FIGURES 2-4 
OF CHPB-78)] 

[FIGURE 26 OF HEC 20-95] 

Nowood river near Ten Sleep, Wyoming Section 9.5.15 of 
HDS6-01 [FIGURE 9.16 FROM HDS6-01] 

Lee Moore Wash near Sahuarita, Arizona from CHPB-788 [FIG 
215 AND 216 OF SITE #55 FROM CHPB-78B] 

Big Nichols Creek [FIGURE 27 & 28 OF HDS1-78] 

D. Design Process Preview 

[To be determined , pending development of Section XI] 

Stan tee 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

FEMA FLOODPLAIN/FLOODWA Y SCHEMATIC 

1------- 100-YEAR FLOOD PLAIN 

- FLOODWAY 
FRINGE -~---

FLOODWAY _ _ __.t+-';:LOODWA Y
FKINGE 

f--4-- SB:AM _ 
CHANNEL 

I 
I 

AR EA OF FLOODPLAIN THAT COULD BE USED 
FOR D EVELOPMENT BY RAISING GROUND 

FLOOD ELEVA TIO N BEFORE 
ENCROA CHMENT O N FLOODPLAIN 

LI NE AB IS TH E FLOOD ELEVATION BEFORE ENCROA CHM ENT. 
LI NE CD IS TH E FLOOD ELEVATION AFTER ENCROACHMENT. 
•suRCHARGE IS NOT TO EXCEED 1.0 FOOT (FIA REQUIREMENT) OR LESSER AMO UNT IF SPECIF IED BY STATE . 

REFERENCE: FEMA FIS, Clark County and 
Incorporated Areas, August 1995 

FIGURE 301 
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landscape may be relatively stable. Nevertheless, stability cannot be automatically assumed . 
Rivers are, in fact, the most actively changing of all geomorphic forms. 

Evidence from several sources demonstrates that river channels are continually undergoing 
changes of position , shape, dimensions, and pattern . In Figure 1.2 a section of the Mississippi 
River as it was in 1884 is compared with the same section as observed in 1968. In the lower 
9.6 km (6 mi) of river, the surface area has been reduced approximately 50 percent during this 
84-year period . Some of this change has been natural and some has been the consequence 
of river development work. - , __ .-~ ... - ., 

/ 
/~ 

/ --
..... 
o---1H-+-------'f-H-

I tt a 1814 

Figure 1.2. Comparison of the 1884 and 1968 Mississippi River 
------- ·· --. Channel near Commerce, Missouri. .. _ ___ - -.. 

"-------·---- ---- .. ------------- · ... -~ . -· 

In alluvial river systems, it is the rule rather than the exception that banks will erode, sediments 
will be deposited and floodplains, islands, and side channels will undergo modification with 
time. Changes may be very slow or dramatically rapid . Fisk's (1944) report on the Mississippi 
River and his maps showing river position through time are sufficient to convince everyone of 
the innate instability of the Mississippi River. The Mississippi is our largest and most 
impressive river, and because of its dimensions it has sometimes been considered unique. 
This, of course, is not so. Hydraulic and geomorphic laws apply at all scales of comparable 
landform evolution . The Mississippi may be thought of as a prototype of many rivers or as a 
much larger than prototype model of many sandbed rivers. 

Rivers change position and morphology (dimensions, shape, pattern) as a result of changes of 
hydrology. Hydrology can change as a result of climatic changes over long periods of time, or 
as a result of natural stochastic climatic fluctuations (droughts, floods) , or by human 
modification of the hydrologic regime. For example, the major climatic changes of recent 
geological time (the last few million years of earth history) have triggered dramatic changes in 
runoff and sediment loads with corresponding channel alteration. Equally significant during this 
time were fluctuations of sea level. During the last continental glaciation , sea level was on the 
order of 120 m (400 ft) lower than at present, and this reduction of baselevel caused major 
incisions of river valleys near the coasts . 

1.4 
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1.2 

Meandering 

0.2 0.4 

Figure 5.3. Relationship between flume slope and sinuosity (ratio between channel length 
and valley length) during flume experiments at constant water discharge (from 
Schumm and Khan 1972). 

5.3.1 Differences Through Time 

During the climate changes of Quaternary time, many rivers completely changed their 
morphology and behavior (Figure 5.4) . This metamorphosis reflected great changes of 
discharge and sediment load. In addition to the Mississippi River, rivers on the Polish Plain 
(Kozarski and Retnicki 1977) and the Riverine Plain of Australia (Schumm 1968) underwent 
the same type of changes._ 

I 

/ ' 

. ... -· ----·--- ~. 

·.--------------------------------,----

-A -...........-::-----. __.,---- ...._...---- .......... 

~----- -- ...................... 
B ~--=-=€:: ....._ ------
==---/-'-~--~ --- ~ .----.----

c 

Figure 5.4. 

----........ 

~' 

Sequence of channel changes as water discharge and sediment loads 
decrease. (A) braided channel ; (B) transitional meandering-braided 
channel with well-defined thalweg ; (C) low-sinuosity channel ; (D) relatively 
narrow and deep moderately sinuous channel ; and (E) multiphase 
meandering channel (after Schumm and Brakenridge 1987). 
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·3:2 :2 Bed Configuration in Sand-B~d Streams . ·: ·. 
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In sand-bed streams, s·and material is easily eroded ana is continually being moved 
and shaped by the flow. 'The interaction between the .flow of the water-sediment ·; 
mixture 'and th·e sand-bed creates.different bed configurations which; change the . . 
resista·nce to flow,. velocity, water surface .elevation and sediment transport. · 
Consequently, an understanding of the different types of bed forms that may occur 
and ~a knowledge of the resista[!Ce to flow and sediment transport associated with . 

·' 

each bed form can help in anaiyzing flow in an alluvial channel. More specific to th is 
discussion, iUs n.ecessary to und.erstand wh~t bed forms will be present so that the 
resistance to flow ctm 'be estimated 'and ·flood stages -and water-surface profiles can '-. · ~ 

, 

• r 

' be co_mputed . . ··, · -·; 

• • • 

... 
Flow Regime. Flow in alluvial sand-b_ed channels is divided 'into two regimes . , . , • 
. separated by·a transitiqn zone.f4) Forril_s of bed .roughness in sand channels are · · ' . 
shown in ·Figure 13a, while Figu!e 13b shows the ~elatio~ships between ~ater surface 
and bed configuratio0 . The floyv regimes .. are : - -· 

. - . 
• The lower flow regime, where resistance to flow is large and sediment transport 

·is small..· The bed form is either_ ripples or dunes or some combination of the two. 
- Water-surface undulations are out of phase with the bed surface, and there is a

relatively large separation zone downstream from. the crest of each ripple or 
dune. The velocity_ of the doyvhstre_am mo~ement of the ripples or dunes 

. . depends-on their height ana tbe velocity qf the grains moying up their backs'. 
.. 3 • .. ~ • - • • 

• The transition zone, where the bed configuration may range from that typical of 

.•· 

·' 

the -lower flow regime to that' typical -of. the upper flow regime,r depending mainly_ · ' -
on antecedenfconditions._lf the antecedent bea configuration is dunes, the 
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Prior to realigning a river channel the stability of the existing channel must be examined using 
the methods outlined earlier. A stream classification , recent and past aerial photographs and 
field surveys are generally necessary. The realigned channel may be made straight without 
curves, or may include one or more curves. If curves are included, the radii of curvature, the 
number of bends, the limits of rechannelization (hence the length or slope of the channel) and 
the cross-sectional area are decisions which have to be made by the designer. Different rivers 
have different characteristics and historical background with regard to channel migration, 
discharge, stage, geometry and sediment transport. As indicated in the previous chapters, it is 
important for the designer to understand and appreciate river hydraulics and geomorphology 
when making decisions concerning channel relocation . It is difficult to state generalized criteria 
for channel relocation applicable to every river. Knowledge about river systems has not yet 
advanced to such a state as to make this possible. Nevertheless, it is possible to provide some 
principles and guidelines for the design engineer. 

As the general rule , the radii of bends should be made about equal to the mean radii of bends 
in extended reaches of the river. When the angle cp defined in Figure 5.15 exceeds about 40 
degrees, this provides a sufficient crossing length for the thalweg to shift from one side of the 
channel to the other. Generally, it is necessary to stabilize the outside banks of the curves in 
order to hold the new alignment, and depending upon crossing length some amount of 
maintenance may be necessary to remove sandbars after large floods so that the channel 
does not develop new meander patterns in the crossings during normal flows. 

The sinuosity and channel bed slope are related in the following way. The bed elevations at 
the ends of the reach being rechannelized , (designated 1 and 2, in Figure 5.27) are established 
by existing boundary conditions. Hence, the total drop in bed elevation for the new channel 
(subscript 2) and the old channel (subscript 1) are the same. 

(5.22) 
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EMBA NKMEN T -
SPURS -

\ 

Figure 6.2. Placement of flow control structures relative to channel banks, crossing , and 
floodplain. Spurs, retards, dikes, and jack fields may be either upstream or 
downstream from the bridge (from Brice and Blodgett 1978) . 

Spurs are also used to protect highway embankments that form the approaches to a bridge 
crossing. Often these highway embankments cut off the overbank flood flows causing these 
flows to run parallel to the embankment enroute to the bridge opening . Spurs constructed 
perpendicular to the highway embankment keep the potentially erosive current away from the 
embankment, thus protecting it. Spurs as used in this report encompass the terms dikes, 
jetties, and groins, which are also used to describe these structures. 

Spurs are also used to channelize a wide, poorly defi ned stream into a well-defined channel 
that neither aggrades nor degrades, thus maintaining its location from year to year. Spurs on 
streams with suspended sediment discharge can cause deposition to establish and maintain 
the new alignment. The use of spurs in this instance may decrease the length necessary for 
the bridge opening and may make a more suitable, stable channel approach to the bridge. 
This decreases the cost of the bridge structure. 

Recommendations for spur design from Brown (1985) are summarized in HEC-23 (Lagasse et 
al. 2001 ). The major considerations are: 

• Extent of channel bank protection 
• Spur length 
• Spur spacing 
• Spur angle/orientation 
• Spur height 
• Spur crest profile 
• Channel bed and channel bank contact 
• Spur head form 

6.11 ~ 0S0-o ( 
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Pre-construction flood levels at A and B are 
approxiNtely equal. 

Post-cons truction l~vel at A 1s hi gher than at C, which is 
higher than at B because of channel slope and bridge 
badw•ter . 

Dike as shown would protect A from backwaur . 
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Figure 2.38. Three types of backwater effect associated with bridge crossings ; (a) effect of a 
skewed embankment across a floodplain ; (b) effect due to constriction of the 
channel flow; (c) effect due to constriction of the overbank flow, both without and 
with guide banks (after Neill 1975) . 
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Table 9.1. River Response to Hiqhwav Encroachments and to River Development. 
Bridge 

I nr.~tinn 

~--~ 'rT 
J. J. , "' -.::;../ 

(1) Crossing downstream of an 
alluvjal f::~n 

(2) Lowering of base level for the 
channel 

Local 
FffP.r.ts 

1 -Fan reduces 
waterway 

2 - Direction of flow 
at bridge site is 
uncertain 

3 - Channel location 
is uncertain 

1 - Headcutting 
2- General scour 
3- Local scour 
4 - Bank instability 
5- High velocities 

Upstream Downstream 
FffP.r.ts FffP.r.ts 

1 - Erosion of banks 1 -Aggradation 
2- Unstable 2 - Flooding 
channel 3 - Development of 
3 - Large transport tributary bar in 

rate the main 
channel 

1 - Increased 1 - Increased 
velocity transport to 
2- Increased bed main 

material transport chan nel 
3- Unstable 2 -Aggradation 
channel 3- Increased flood 
4- Possible cha nge stage 

of form of river 

Case ( 4) illustrates a situation where artificial cutoffs have straightened the channel 
downstream of a particular crossing. Straightening the channel downstream of the crossing 
significantly increases the channel slope. This causes higher velocities, increased bed 
material transport, degradation and possible head cutting in the vicinity of the structure. This 
can result in unstable river banks and a braided streamform. The straightening of the main 
channel can drop the base level, adversely affecting tributary streams flowing into the 
straightened reach of the main channel , which was discussed in Case (2). 

Table 9.1. River Response to Highway Encroachments and to River Development 

Bridge 

(3) Channel characterized by 
prolonged low flows 

(4) Cutoffs downstream of 
crossing 

continued . 
Local 

1 - At low flow a low 
water channel 
develops in river 
bed 

2 - Increased danger to 
piers due to 
channe lization and 
local scour 

1 - Steeper slope 
2- Higher velocity 
3- Increased transport 
4- Degradation and 

possible headcutting 
5- Banks unstable 
6 - River may braid 
7 - Danger to bridge 

foundation from 
degradation and 

9.10 

Upstream 

See local effects 

Downstream 

1 - Depos ition 
down-

stream of 
straightened 
channel 

2 - Increase in flood 
stage 

3 - Loss of channel 
capacity 

4- Degradation in 

r--to ~-o / 
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Table 9.1. River Res 
Bridge 

(5) Excess of sediment at bridge 
site due to upstream tributary 

(6) River channel relocation at 

Encroachments and to River Develo 
Local 

1 - Contraction of the 
river 

2 - Increased velocity 
3 - General and local 

scour 
4 - Bank instability 

1 - None if straight 
section is designed 
to transport the 
sediment load of 
the river and if it is 
designed to be 
stable when sub
jected to anticipated 
flow. Otherwise 
same as in Case (4) 

Upstream 

1 -Aggradation 
2 - Backwater at flood 

stage 
3- Changed response 

of tributaries 

1 - Similar to local 
effects 

Downstream 

1 - Deposition of 
excess sediment 
eroded at down
stream of the 
bridge 

2 - More severe attack 
at first bend 
downstream 

3 - Possible develop
ment of a chute 
channel across 
the second point 
bar downstream of 

1 - Similar to local 
effects 

Table 9.1 . River Response to Highway Encroachments and to River Development 
(continued). 

Bridge 
I nr.::ltinn 

(7) Raising of river base level 

(8) Reduction of sediment load 
mc;trP::lm 

Local 
FffPr.ts 

1 - Aggradation of bed 
2- Loss of waterway 
3 - Change in river 

geometry 
4 - Increased flood 

stage 
5 - Lateral channel 

instability 

1- Channel 
degradation 

2 - Possible change in 
river form 

3 - Local scour 
4 - Possible bank 

instability 
5 - Possible destruction 

of structure due to 
dam failure 

9.12 

Upstream 
FffPr.ts 

1 - See local effects 
2 - Change in base 

level for tributaries 
3 - Deposition in 

tributaries near 
confluences 

4 - Aggradation caus
ing a perched river 
channel to develop 
or changing align
ment of main 
channel 

1 - Degradation 
2 - Reduced flood 

stage 
3 - Reduced base level 

for tributaries, 
increased velocity 
and reduced 
channel stability 
causing increased 
sediment transport 
to main channel 

Downstream 
Effects 

1 - See upstream 
effects 

1 - Degradation 
2 - Increased 

velocity 
and transport in 
tributaries 
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Case (9) through Case (13) illustrate a more complicated set of circumstances. These 
cases involve the interrelationship of Cases (1) through (8). In Case (9) the river crossing is 
affected by Dam A constructed upstream as well as Dam B constructed downstream. As 
documented in Case 8, Dam A causes significant degradation in the main channel. Dam B 
causes aggradation in the main channel (Case 7). The final condition at the bridge site is 
estimated by summing the effects of both dams on the main channel and the tributary flows. 
Normally, this analysis requires water and sediment routing techniques studying both long
and short-term effects of the construction of these dams, and it is necessary to consider the 
extreme possibilities to develop a safe design. 

Table 9.1 . River Response to Highway Encroachments and to River Development 
continued . 

Bridge Location 

e 

(9) Combined increase of base level and reduction of sediment load upstream 

1 - Dam A causes degradation 
2 - Dam B causes aggradation 
3 - Final condition at bridge site is the 

combined effect of (1) and (2). 
Situation is complex and combined 
interaction of dams, main channel 
and tributaries must be analyzed 
using water and sediment routing . . 

1 - Channel could aggrade or 
degrade with effects similar 
to cases (7) and (8) 

1 - See upstream effects 

In Case (1 0) Bridges A and B cross two major tributaries a considerable distance upstream 
of their confluence. Upstream of Bridge A, a diversion structure is built to divert essentially 
clear water by canal to the adjacent tributary on which Bridge B has been constructed . 
Upstream of Bridge B the clear water diverted from the other channel enters the storage 
reservoir and the water from the tributary plus the transfer water is released through a 
hydro-power plant. It is anticipated that a larger storage reservoir may be constructed 
downstream of the confluence on the main stem at C. These changes in normal river flows 
give rise to several possible complex responses at bridge sites A and B, in the tributary 
systems as well as on the main stem. Bridge Site A may aggrade due to the excess of 
sediment left in that tributary when clear water is diverted. However, initially there may be 
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lowering of the channel bed in the vicinity of the diversion structure because of the deposition 
upstream of the diversion dam and the release of essentially clear water for a relatively short 
period of time until the sediment storage capacity of the reservoir is satisfied. Bridge site B 
is subjected to degradation due to the increased discharge and an essentially clear water 
release. However, the degradation of the channel could induce degradation in the tributaries 
causing them to provide additional sediment to the main channel, see Case (8). This 
response would to some degree counteract the degrading situation in this reach of river. 
Such changes in river systems are not uncommon and introduce complex responses 
throughout the system. Complete analysis must consider the individual effects and sum 
them over time to determine a safe design for the crossings. 

Table 9.1. River Res 

Bridge Location 

(1 0) Change in water discharge , no change in sediment load 

1 - Bridge A may be subjected to 
aggradation due to excess 
sediment left in the channel by 
diversion of clear water 

2 - Bridge B may be subjected to 
degradation due to increased 
discharge in the channel 

3 - If a storage reservoir was 
constructed at C, it could induce 
aggradation in both main 

1 - Upstream of Bridge A
aggradation and possible 
change of river form 

2 - Upstream of Bridge B -
degradation and change of 
river form 

3 - Channel instabilities 
4 - Significant effects on flood 

stage 

1 - See upstream effects 
2 - Construction of reservoir C could 

induce aggradation in the main 
channel and in the tributaries. 
Effects same as in Case 7 

Case ( 11) shows a highway that crosses the main channel at Bridge A and its tributary at 
Bridge B. The confluence of the main channel and its tributary is downstream of both 
bridges. The alignment of the main channel is continually changing. The rate of change in the 
river system should be evaluated as part of the geomorphic and hydraulic analysis of the site. 
If the main channel shifts to the alternate position shown and moves the confluence closer to 

Bridge B, the gradient in the tributary is significantly increased causing degradation as well as 
channel instabilities and possible changes in river form . Excess sediment from the tributary 
causes aggradation in the main channel and possibly significant changes in channel 
alignment. 
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Table 9.1. River Response to Highway Encroachments and to River Development 
(continued). 

Bridge 

(11 ) Naturally shift ing river channel 

Local 

1 - Rivers are dynamic 
(ever changing) and 
the rate of change 
with time should be 
evaluated as part of 
the geomorphic and 
hydraulic analysis 

2 - Alignment of main 
channel continually 
changes affecting 
alignment of flow 
with respect to 
Bridge A. 

3 - If the main channel 
shifts to the alter
nate position, the 
confluence shifts 
and the tlibutary 
gradient is signi
ficantly increased 
causing degrada
tion in the tributary. 
Local effects on 
Bridge B same as 
1, 2, 3, and 4 in 
Case (8) 

4 - Excess sediment 
from the tributary, 
assuming (3) 
causes aggrada
tion in the main 
channel and 
possible significant 
changes in channel 

Upstream 

1 - The river could 
abandon its present 
channel. Changing 
position of the main 
channel may 
require realignment 
with training works. 

Downstream 

1 - See upstream 
effects 

2 - Shifts in the posi
tion of the main 
channel relative 
to the position of 
the confluence 
with the tributary 
alternatively flat
tens or steepens 
the gradient of 
the tributary 
causing corres 
ponding aggra
dation and de
gradation 

3 - Shifts in the posi
tion of the main 
channel causes 
aggradation , de
gradation and 
instabilities de
pending upon 
direction and 
magnitude of 
channel change 

Considering the possible changes in the position of the main channel, training works may be 
required at and upstream of Bridge A to assure a satisfactory approach of the flow to the 
bridge crossing. Otherwise, the river could abandon its present channel. A shift in the 
position of the main channel relative to the position of the confluence with the tributary also 
alternately flattens or steepens the gradient of the tributary causing corresponding 
aggradation or degradation in the tributary. This type of problem is difficult because of the 
continuously changing characteristics of such river systems. Rivers of this type are usually 
stable for several years at a time or at least between major flows. Consequently, if crossing 
locations are properly selected and appropriate stabilization techniques are taken, it may be 
possible to maintain the usefulness of the crossings for the life of the structures. However, 
the disadvantages associated with such locations wi ll often require expensive solutions and 
these locations should be avoided if possible . 
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Case (12) illustrates a meandering channel with several tributaries and a major storage 
reservoir constructed on the main channel. Two crossings are shown on the main channel 
upstream of the reservoir. It is assumed that complete channelizing of the meandering river 
has been authorized. This shortens the path of travel of the water by an appreciable distance. 
Considering local effects at the bridges, bridge site A is first subjected to possibly severe 
degradation and then aggradation. Bridge site B is primarily subjected to degradation. The 
magnitude of th is degradation can be large. With the degree of straightening indicated in the 
sketch, severe head cutting may be initiated up the main channel as well as the tributaries . 
The whole system may be subjected to passage of sediment waves and the river form can 
dramatically change over time. The flood level in the system and the local and general scour 
in the vicinity of the bridges is greatly affected by the channelization. 

As a result of channelization, the river reach at bridge site B could become braided . Also, in 
this reach the rate of sediment transport is increased, head cutting is induced and flood 
stages are reduced . The tributaries in the upper reach are subjected to severe degradation. 
For the bridge at position A, the channel would probably degrade and then significantly 
aggrade. Significant reactions are possible when channelization is undertaken in a river 
system. A detailed analysis of all of the responses is necessary before it is possible to safely 
design crossings such as those at location A and B. 

Table 9.1. River Response to Highway Encroachments and to River Development 
(continued). 

Bridge Local Upstream Downstream 

1 - Bridge A is first 1 -A change of river 1 - For Bridge B see 
subjected to form from upstream effects 
degradation and meander- 2 - For Bridge A the 
then aggradation . ing to braid ing is channel first 
Action can be very possible degrades and 
severe 2- Rate of sediment then significantly 

2- Bridge B is transport is aggrades 
primarily increased 3 - Large quantities 

subjected to 3 - Headcutting is of bed material 
degradation. The induced in the and wash load 
magnitude can be whole system are carried to the 
large 4- Upstream of B reservoir 

3 - The whole system flood stage is 4- Delta forms in 
is reduced the 

subjected to pass- 5- Velocity increases reservoir 
age of sediment 6- Tributaries 5 -Wash load may 
waves respond affect water 

4 - River form could to main channel quality in the 
change to bra ided changes entire reservoir 

5 - Flood levels are 6- Tributaries 
reduced at Band respond to main 
increased at A channel 

6- Local and general changes 
scour is 

significantly 
(1 2) Human-induced reduction of affected 
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Case (13) is a series of situations, unrelated in some instances and combined in others, 
which can affect bridge crossings. Tidal flows, seiches and bores can have significant 
effects on scour and depth in the channel system. The tidal flows, seiches and bores, as well 
as wind waves, can rapidly and violently destroy existing bank lines. 

When considering earthquakes, it is of importance to examine a seismic probability map of 
the United States. Large portions of the United States are subjected to at least infrequent 
earthquakes. Associated with earthquake activity are severe landslides, mud flows, uplifts in 
the terrain, and liquefaction of otherwise semi-stable materials, all of which can have a 
profound effect upon channels and structures located within the earthquake area. Historically, 
several rivers have completely changed their course as a consequence of earthquakes. For 
example, the Brahmaputra River in Bangladesh and India shifted its course laterally a 
distance of some 320 km (200 miles) as a result of earthquakes that occurred approximately 
200 years ago. Although it may not be possible to design for this type of natural disaster, 
knowledge of the probability of its occurrence is important so that certain aspects of the 
induced effects from earthquakes can be taken into consideration when designing the 
crossings and affiliated structures. 

Table 9.1. River Response to Highway Encroachments and to River Development 

Bridge 

a . -Tidal FloV5. Seiches, Bores, ~c . 

b . - ~'ind (flurric.ancs, Tornadoes/ 

c. - farthqu+kcs (see Sei s~ic 

Probability Map of U.S. ) 

(13) Tectonics and other natural causes 

continued . 
Local 

1 -Scour or 
aggradation 

2 - Bank erosion 
3 - Channel change 
4- Bed form 

change 

1 - Bank erosion 
2 - Inundated 

highway 
3- Increase in 

velocity 
4 - Wave action 

1- Channel 
changes 

2- Scour or 
deposition 

3 - Decrease in 
bank stability 

4 - Landslides 
5 - Rockslides 
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Upstream 

1 - See local effects 
2 - Channel erosion 
3 - Changes in 

channel slope 

1 - See local effects 

1 - See local effects 
2 - Slide lakes 

Downstream 

1 - See local effects 
2 - Beach erosion 

1 - See local effects 

1 - See local effects 
2 - Slide lakes 
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Case (14), (15), and (16) illustrate three examples of longitudinal encroachment. In Case 
(14), a few bends of a meandering stream have been realigned to accommodate a highway 
(see Case 6). There are two problems involved in channel realignment. First, the length of 
realigned channel is generally shorter than the original channel which results in a steeper 
energy gradient in the reach (Case 4) . Second, the new channel bank material in the 
realigned reaches may have a smaller resistance to erosion. As a result of these two 
problems, the channel may suffer instability by the formation of a headcut from the 
downstream end and increased bank erosion. The realigned channel may also exhibit a 
tendency to regain the lost sinuosity and may approach and scour the highway embankment. 
To counter these local effects one could design the realignment to maintain the original 

channel characteristics (length, sinuosity). Another way would be to control the slope by a 
series of low check dams. In any case, bank protection by riprap, jacks or spurs will be 
needed. The up- and downstream effects of the channel realignment will be the same as 
discussed for channel length reduction in Case (12) . For example, as the degradation travels 
through the realigned reach, sediment load generation in the river by bed and bank erosion will 
cause aggradation downstream. 

Table 9.1. River Res 

Rea liQrun.ent 
to Ac:commodole 
Hi.ghwoy 

Bridge 

Hiqh..oy 

(14) Longitudinal encroachment 

Encroachments and to River Develo 
Local Upstream 

1 - Increased energy 1 - Energy gradient 
gradient and also increased in 
potential bank the reach upstream 
and bed scour and may cause 

2 - Highway fill is change of river form 
subject to scour from meandering to 
as channel tends braided 
to shift to old 2 - Rate of sediment 
alignment transport is 

3 - Reach is subject increased . As the 
to bed degra- headcut travels 
dation as headcut upstream severe 
develops at the bank and bed 
downstream erosion is possible 
end and travels 3 - If tributaries in the 
upstream zone of influence 

4 - Lateral drainage exist they will 
into the river is respond to lowering 
interrupted and of base level 
may cause 
flooding and 

Downstream 

1 - Channel will 
aggrade as the 
sediment load 
coming from 
bed and bank 
erosion 
is received 

2 - Channel may 
deteriorate from 
meandering to 
braided 

Case (15) illustrates encroachment on the waterway of an incised stream flowing through a 
narrow gorge. Locally, the effect is to reduce the waterway and to increase the velocities and 
bank and bed erosion potential. The erosion protection of the highway slope exposed to the 
flow, and possibly, the opposite bank are important problems. The backwater induced by this 
obstruction may cause upstream aggradation and higher flood levels. On the downstream 
side, channel aggradation may be experienced if bed erosion occurs locally in the encroached 
reach . 
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Table 9.1. River Res 
Bridge 

(1 5) Longi tud ina l encroachment 

Encroachments and to River Develo 
Local 

1- Reduced 
waterway 
causes a local 
obstruction to flow 
and higher 
velocities 

2 - Significant erosion 
problem on the 
highway fill and 
induced bed 
degradation 

3 - Lateral drainage 
into the river is 
interrupted and 
may cause flooding 

Upstream 

1 - Backwater 
generated by the 
obstruction 
increases flood 
stage 

2 - Deposi tion induced 
by the backwater 

Downst ream 

1 - Large sediment 
load may cause 
aggradation 

2 - Local scour at 
end of con
tracted section 

Case (16) is a case of floodplain encroachment. It is assumed that during bankfull and lower 
stages the highway does not interact with the flow. However, during high stages, the total 
flow area is decreased by the encroachment. Locally, the highway must be protected against 
inundation and erosion during a flood . The effect on the river channel depends on the extent 
of encroachment on the waterway. If the highway significantly reduces the floodplain , it may 
increase river stages for a given flood . If the river channel tends to shift, the highway 
encroachment may alter the interaction of floodpla in flow and channel flow, affecting the 
channel floodplain flow pattern. Very often this type of encroachment has little or no effect on 
flood stages or on the stream upstream or downstream, however, possible adverse effects 
should be investigated. 

In all cases of longitudinal encroachment, the lateral drainage into the river will be intercepted. 
An important consideration in the design of encroachments will be to provide for this drainage. 

Table 9.1. River Res 
Bridge 

Encroachments and to River Develo 
Loca l 

1 - Erosion of highway 
fill and submer
gence possible 
during floods 

2 - Pattern of overbank 
spill are affected 
by the encroach
ment and in highly 
shifting channels 
may change river 
course downstream 

3 - Lateral drainage into 
the river is interrupted 
and may cause flood
ing and erosion 
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Upstream 

1 - If significant 
encroachment on 
the floodplain 
waterway , back
water may be 
induced 

Downstream 

1 - If the river 
channel is highly 
shifting , the 
channel align
ment may 
change 

2- If sign ificant 
erosion 
experienced 
upstream, 
aggradation will 
occur 
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~ LIMITS OF LOCAL SCOUR 

---F~~e 2. Local scour and related hydraulic problems at bridges, 
attributed to the effects of obstructions to flow . 

~ LIMITS OF GENERAL SCOUR 

Figure 3. General scour and related hydraulic problems at bridges, 
attributed to contraction of flow or to channel deepening at the 
outside of a bend. 
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~ LIMITS OF LATERAL EROSION 

Figure 4. Lateral stream erosion and related hydraulic problems at 
bridges, attributed to erosion at a bend or to lateral migration 
of the channel. 
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or destroyed . .... -. .: .. : . - . .; . . - . . ·. ~- . . ·. :. .. 

_,. ~ "' .· ,. .- . / ... _... " 
_, 

.. Analysis of rating curve shifts i~ typically available from the agency responsible for the 
.. · stream gage.- lf such information is not available·, field inspection combined with ·the 

- . 

~-

· methods described hy Rantz can be utilized to ·analyze observed rating curve · / 
_ .- ~ · .shifts:_(40)-If.the .• shifts car.~ -be tra'ced to :sco~r. fill . or. ch~n'nel width' cbla-ng~s.- such., 

· info'rm~tion will be ._a .re[iable indicator of potential chanf1el instability. ··. · 

• 

( 

.., . . . . ,. 
.. - f' l ... ,. ~ • -

Gaging stations at which continuous sediment data are collected may also provide 
. clues to.the existence of gradati_on probl_eins. Any changes in the long-t~rm sediment 

· . ~ load_may indi'e,ate lat~ra ~ move,rnent9f the chao.nel , gradation ·c,ha'nge_s; or a change . i~ 
··. sediment supply from .... the water~hed. _. · · 

,. . r ,· -

... ,. . s -

4.6 .. 8 Step 8: Evaluate Scour Conditions .. · 

. . 
.· -'-Section ·3.4. tprqvided -~n overview of scour at br.idge crossings and HEG-18-provjdes 

' ,~ 

·. detailed compu,tatiornal_ procedyres.(15) F'igure 23 illu.strates com_mon' scour related . · _ _,. ~ 
problems-at bridges .. These problems are-attributable to the effeCts of obstructions to 
the flow (local scour) and contraction of the' flow or c~annel deepening at the outside . 
·of a bend. Calculation-of the three components of scour, local scour, contraction scour · .. 
and aggradation/degradation , quantifies the potential instability at a bridge crossing . 
Scour suspectable bridges are those that show potentially large amounts of any one 

· of the scour components, and/or their.cu·mulative amount is large. Such oridges · -
•should be car~fl!IIY monitored and/or co~ntermeasures .installed . . -., ·. _ _ ·, -. 

. ~ __ ..:....- -'-'-.. -- . . . 
•. 1(._ ...----. - -·-.· _-~ . . -- . ...; ~-....,..,_ .-~-·,..... - .c. .......... 
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. • control and constrict channel flow 

The classes of couhter~easu;es identified for ~bank stabilizatio-n and b-e.nd ~control ar'e bank·· 
:J .. .,. • .. • • • •. .. J' 

·revetments, spurs, retardance structuJeS, longitudinal, dikes, vane dikE;s,· bulk~eads , af)d :-
- channel relocations. Also , a carefully planned cutoff may be· an effective way to counter · .. -· ' 

problems created by meander migration . 1hese measur~s ~may be used individually or In , ~ 
combination to combat·meander migration at a site. Some of these countermeasures are also 

· applicable to bank erosion from causes other than bend migration. Descriptions -and design 
recommepdations are include~ in Chapter 6, Countermea;sure ~pesign. • .- , 

F .1'• • ~- ! .• .:'• 

5.4 Co~ntermeasu~es for Scour at Bridges: 

Scour is the result of the erosive action of running water, excavating and carrying away material 
from the bed and banks· of streams: Differ.ent materials -scour at different rates.Loose · granular.~ 
soils are rapidly eroo.ed ur~fdef water action· while coh"esive br c'emenfed soils are more .· 

•our-resistant~ However .. ultimate ·scour i~ cohesive o(.cemented soils -ca~ be as deep as 
our in sand-bed streams. Scour will rei?lch its maximul'l! depth in sand ~nd gravel bed 

materials in hours; cohesive bed materials "in days; glacial tills, poorly cemented sand stones 

. -.,. : 
•' .· J-
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Figure 9.16. Nowood River near Ten Sleep, Wyoming (Example 15) . 
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SITE 55. LEE MOORE WASH AT SR-89 NEAR SAHUARITA~ ARIZ. 

Description of site: Lat 32°01 1
, long 110°57', location as shown in fig. 213. 

Prestressed-concrete box-beam bridge, 128 ft (39 m) long, two spans of 64-ft 
(20-m) length. Bridge is supported by a wall-type pie·r with rounded nose, founded 
on piling. The bridge and piers are alined with flow. Abutments are spillthrough 
type . 

. Drainage area, 132 mi 2 (342 km2). ·Natural channel drains a piedmont slope 
and enters the flood plain of Santa Cruz River just upstream from the crossing 
{fig. 213). Channel at crossing site is artificially · straightened, has 
ephemeral flow, sand bed, erodible silt-sand banks. · 

Hydraulic problems and countermeasures: 

1938-70 A concrete bridge with three 16-ft (4.9-m) spans, located about 150 ft 

1971 

(46 m) downstream from the Southern Pacific Railroad, was built (fi.g. 214). 
A concrete floor and apron was added to the channel at the bridge ~n 
1969. During the period 1938-70, land levelling and diking for agricul
tural purposes channelized the flow in Lee Moore Wash and prevented the 
spread of flow on the a 11 uvi a 1 fan upstream from the bri.dge site. 

Channel degradation and lateral erosion downstream from· the bridge ' 
caused partial failure of the concrete apron (fig. 214) and the bank 
bank revetment by undermining. A complicating ·hydraulic factor at 
this site is overbank flow from the Santa Cruz River. By 196.9, the 
channel bed was about 4ft (1 m) lower than in 1938 (fig. 215). The 
observed channel changes in Lee Moore Wash are caused by the decreased 
opportunity for overba,nk storage upstream from the bri.dge and increased 

· flows associated with overflow on the right-bank flood plain from the 
Santa Cruz River. 

1972 The channel · degrada~ion and lateral erosion probl~m at the bridge site 
had continued such that extensive remedial measures were needed to 
protect the bridge. According to studies by the Arizona Highway Depart
ment, hydraulic problems associated with the bridge were as follows: 
(1) About 10ft (3m) of scour had occurred at the downstream end of 
the apron. (2) Lateral erosion, attributed to overflow from the Santa 
Cruz River, was affecting the downstream side of the approach embankment 
for a distance of 1500 ft (457 m). (3) Flow in Lee Moore Wash, together 
with overflow from the Santa Cruz River, was eroding the right ba~k of 
the channel .downstream from the bridge (fig. 216). (4) The concrete 
apron and abutment prot.ecti on were being undermined and damaged. Before 
plans were completed for new countermeasures, flooding on Oct. 6, 1972 
destroyed the bridge (fig. 217). · 
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1973 

1974 

1975 

1977 

A new bridge was built with several modifications to prevent damage 
from increased runoff from the watershed and overbank flow from the 
Santa Cruz River. The bridge length was increased from 55 ft (17 m) 
to 128 ft (39 m) and only ·one pi.er was placed in the waterway (fig. 218). 
The pile foundation of the pier was designed in anticipation of continued 
channel degradation. Railbank rock-and-wire protection was provided 
around the abutments and along the downstream side of the approach 
embankment (fig. 219). Steel sheet-piling was used fo r bank protection 
and direction of flow in the vicinity of the railroad bridge. 

Flood of July 7 (discharge 9,150 ft3/s or 259 m3;s) on Lee Moore Wash 
caused no damage at the highway bridge where the two channels join 

· just upstream from the railroad bridge. However, the curved steel 
sheet-pile revetment placed to guide the flow from -the south channel 
(fig. 216), was damaged and the right bank upstream from the railroad 
bridge was eroded by flow from the south channel. 

Site inspection indicated that the railban k protection is functioning 
effectively and the channel has stabilized. 

3 3 . 
Flood of Oct. 10, discharge about 8,000 ft /s {227m /s), caused some 
damage to the sheet-pile revetment near the railroad bridge, but the 
railbank protection was undamaged (fig. 220). · 

Discussion: The channel at this site enlarged by lateral erosion and degradation 
because of 1ncreased flows attributed to: (1) channelization upstream from the 
bridge site, which prevented spreading of ffow and storage on the flood plain, 
(2) channelization caused by the railroad embankment which forced overflow from 
the Santa Cruz River to merge with water in Lee Moore Wash at the bridge site, 
and (3) increased right-bank overflow from the Santa Cruz River. Thi use of 
a concrete apron to prevent scour around the bridge piers was .not effective 
because channel degradation undermined the cutoff wall at the toe of the apron. 
The railbank revetment was effective in preventing lateral erosion of channel 
banks, even though the channel is degrading . 

Figure 213. Loca t i on of Lee Moore was h at SR-89 near Sahuar i ta, 
Ar izona . 
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Figure 214. Channel degradation and concret.e apron damage at downstream 
side of bridge i~ 1971. The concrete apron was added in 1969. (From 
Arizona Dept. of Highways.) 
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Figure 215. Changes in channel bed elevation between 1938 and 1969. 
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Figure 216. Location of various hydraulic problems at the bridge site 
in 1972. 
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Figure 217. Aerial view in 1972 of .bridge destroyed in October 6, 1972 
flood. Note the larger size of the artificial channel compared with 
the Lee Moore wash channel upstream from the railroad. (From Arizona 
Dept. of Highways.) 

Figure 218. View upstream at new bridge constructed in 1973. (From 
Arizona Dept. of Highways.) 
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Figure 219. Plan of bridge and countermeasures constructed in 1973. 

Figure 220. "Railbank." revetment at right bank, installed in 1973, as 
photOgraphed in November 1977, after fl~ds of 1974 and 1977 . 
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SITE 56. BIG SANOY WASH AT I-40 NEAR KINGMAN, ARIZ . 

Description of site: Lat 35°09'·, long 113°38', location as shown in fig. 221. 
Steel. girder bridge, 286ft (87 m) long, supported by wall-type piers ·with rounded 
noses and founded on concrete piles. Bridge skew is 30 degrees, piers are alined 
with flow. Abutments are spillthrough. 

Drainage area, 90 mi 2 (233 km2); valley slope, 0.008; channel width·, about 
500ft (152m). Stream is ephemeral, alluvial, sand-gravel bed·, in valley of 
moderate relief, narrow flood plain. Channel is sinuous, generally braided, 
arid-region channel or "wash". 

Hydraulic problems and countermeasures: 

1967 Dual bridges built with steel rail, wire, and rock revetment (railbank 
protection) around both abutments. Fill material for the approach 
embankments was obtained from a borrow pit on the right bank flood 
plain upstream from the . bridge (fig. 221). · 

1969 Changes in the flow pattern and excavation for the borrDw pit caused 
changes in the flow alinement from the left side of the channel towards 
the right bank. During floods, the main flow approaches the approach 
embankment west of the bridge opening, then travels along the embankment 
and through the bridge. The concentration of flow on the right side of 
the channel has caused erosion of a 350-ft (107-m) dike separating the 
borrow pit from the channel (fig. 222) and, at the bridge, undermining 
of the railbank revetment on the east abutment (fig. 223). Counter-· 
measures included excavation of the channel for i distance of 1500 ft 
(457 m) upstream from the upstream bridges and construction of a new 
dike upstream from the old dike. 

1975 Scour of the main channel at the bridge was undermining the railbank 
protection at both abutments. About 3 ft (1 m) of channel scour 
occurred in the period 1967-75 at the bridge. 

1976 New dual bridges were built at location of older bridges to improve 
traffic and load conditions. The existing ~jght-bank railbank pro
tection was replaced or modified (fig. 224) to prevent further 
undermining by the stream, and the ·concentration of flood flows on the 
right bank flood plain. 

Discussion: At the time of bridge construction, the possibility of lateral 
channel shift was not anticipated when the borrow pit was located. Damage to 
the approach embankment by lateral erosion and scour occurred when flows on 
the flood plain moved laterally along the upstream side of the embankment 
before entering the main channel. The railbank (rock-and-wire} revetment, 
although undermined, provided protection from flood flows. The wire fabric 
~as not damaged and the steel-rail support posts remained intact . 
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-Where ~ppr~ach ' embankrDerits enc~oach ~n. wide' fl~od pl~i~s and constrict th'e no.rmar fiooiflow:··speciaLa_!tentiori I . 

should be given to ~cou'r , particularly ih the vicinity of oridge abutmerts. Flow from the flood pla'in travels, along the . 
... embankment, a·nd enters the constriction as a concentrated jet normal to the direction of flow in the main channel. In so 
. doing, ;the severity of the contraction is-increased aU he abutment, the:effective ·length nf bridge· opening 1s reduced, . · -., 

and ·the· pos.s_ibility of'. scour at the junction' o(the two 'jets is ·great. J~fs_ action. i~(i llustrateq in the" aerial' photograph of -"· 
- Fiqure ·27. 96ncentration of flow is from righrto -left alon.g the''upstream ~ide of the embankment;. the river. flow is from •. ( 

top to'bottom. The low ·water channel is· to the left of the photograph. Where borrow pits and ditches exist along the . ·' 
upstrea'm side of a bridge embankment, flow from the flood plain favors this path of least resistance; the result is often .. 
an unusu.ally high flow concentration along the ·embankment. This is· specifically the condition which existed along the 
upstream sid~ of the embankl]lent shown _in tt-re photograph on Figure-27. Not~ the violent mixi!lg action where the side , 
fet a'f.1d }he main flow con~erge , the i!Jeffectb.i~ness of;th~ ~rst span, ~nd. a~o witness - ~hat ~_cop'r has oeen r;sponsible~ 

- for the Joss of.a portiory.ofthe bridge. '_,· ~-·. - __ ., .:-, .· . ·' · ·' .. ·-: · · ._ · 1 

. ')" ~ -.... ~ .. . . 
The scour: h~le meas~red, ~fter the flood iS:shown on Figure 28. The a~ep?'st part is '25~feet. b~low the river bed, yet iris . 

. certain ' that the scour extended considerably ,d-eeper au ring the peak of the fl.ood, which demonstrates· the trans'port . 
·. pow£?.r of turl;>ulent cy~ilinear flow. It took the. highway maintenance crew several week~ of prQbihg to Jo~ate the ·· 

miss.ing brjdge spah,s and piers whic~.h wer~ foond buried dE?ep -in -the .bed o{ the strea!Jl . 'Thi~ condition can. qe . . 
alleviated -to some extent on new bricfges bY' prohibiting borrow pits or\ th'e upstream si_de of embankments and 

. .. ;'! 

- forbidding the cutting oftrees back of t_he toe ofthe·fill ·?lope·. For case~ wh~re clianneling along ·an emba.nkmenf is •. 

• 
acJY. pr~se~t or car::triot b~ avo_~~_:?~.t~e ·s_i~u~t~on ~~ usu~lly be .rem~cHed by constrl!cting ~ spur dik~-. as ·shown in ••.· · 
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Figure28. Extent 'of scour measurea after-the flood at Big Nichols' Creek. 
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9.2 F~rfction and .'G~omet.Y ·of'_spur Di.ke . ·: ... ,-

.-~ Whe·(e app~o~.~h emoank_ment; div~rt eo~sider~ble ·flc5od plain :flow throug!l th~- bridge :ope_ning~ ~ spur'dik€1, pr~;erly· · 
proportion~d., is effective i!l reducing'~he gradient -and velo__,city ·along the .ell)b?rikment .by moving the r't;lixing ·action of ' . 
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The combined flow is-directed so that-the ·entire waterway under the. bridge is utilized and the depth of scour in the . 
vicinity of the bridge abutment and at adjacent piers is recfuced . Scour, 'if if occurs, is moved upstream away from the ' 

•

dge structure as shown on Figure 29. Although any spur dike_is usuqlly helpful fit- reducing scour from merging flood ·. 
in flow,: a dike of prope[ proportions is needed to keep scour at the bridge abutment to a minimum and properly align 
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Session C: The State's Role 
• 1n 

/ 

Regulatory Authority 
• State NFIP Coordinator- ADEM 

• ARS 48:3605(A): ADWR Shall Develop Criteri'a 

• Obligation to Manage Floodplain 

I 
I 
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Session C: The State's Role 
in Floodplain Management 

§ 48.-3605. Assistance for floodplain delineations; duties of director 

• 

A. The director of water resources shall develop and adopt criteria for establishing the one 
hundred-year flood and delineating floodplains. 

I 
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Session C: The State's Role 
in Floodplain Management 

• 

B. If a district is required to delineate a floodplain pursuant to § 48-3609 and the floodplain 
has not been delineated with sufficient accuracy to allow adoption of regulations pursuant to 
§ 48-3609, the district tnay request ADWR for assistance in delineating the floodplain. 

I 
I 
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Session C: The State's Role 
in Floodplain Management 

Appendix B: f\_rizona Department of Water Resources 

• 

In 1973 the Arizona Legislature required the Arizona Water Cotnmission (now the 
Arizona Depatitnent of Water Resources) to develop and adopt criteria for the 50- and 
1 00-year floods for use by the Arizona communities for the purpose of floodplain 
rnanagen1ent. In response, the Water C_9mn1ission published Floodplain Delineation 
Criteria and Procedures, Report Number Four in October 1973. 

I 
I 
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Session C: The State's Role 
in Floodplain Management 

• 

The Arizona Legislature addect.-a specific requiretnent for ADWR to develop and adopt 
criteria for floodplain delineation throughout the state under ARS Titles 45 and 48, in 
1984. This requirement has led the Department to review, revise and supplement the 
criteria established in 1973. The National Flood Insurance Act as atnended in 1986 lists 
12 duties and responsibilities for the state: 

I 
I 
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Session C: The State's Role 
in Floodplain Management 

• 

1. Enact enabling legislation/in floodplain management. The Legislature adopted such 
legislation in 1973 and has a1nended it as needed. 

I 
I 
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Session C: The State's Role 
in Floodplain Management 

• 

2. Encourage and assist con1munities in qualifying for participation in the NFIP. All 
Arizona co1nmunities with flood prone areas are participating in the NFIP. 

/ ' 28 
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Session C: The State's Role 
in Floodplain Management 

• 

3. Assist co1mnunities in the adoption of ordinances. The ADEM staff works 
continually with co1nn1unities to keep their ordinances up-to-date with the NFIP and 
the State Statutes. 

/ 
29 
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Session C: The State's Role 
in Floodplain Management 

• 

4. Provide comn1unities and t~e public with information on floodplain n1anagement. 
ADEM staff works with the public and cominunities on an ongoing basis. A 
Community Assistance I-!andbook and a quarterly newsletter are two of the methods 
used. ADEM staff also meet with coilllnunity officials and speak at public meeti~1gs. 

I 
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Session C: The State's Role 
I 

In Floodplain Management 
I 

I 
I 

I / 

6. i Assist in the delineation offiood-prone areas. ADWR has delineated floodplains and 
; contributed financially to such delineations. On an as available basis, staff reviews 

. j delineations performed by others. 

I 

' "'--
' '" 

---··· 

I 

31 



• • I 

~ession C: State's Role 
I 

in Floodplain Management 

I , 

7. i Recommend priorities for Federal floodplain management activities within the state. 
I ADEM works with a nun1ber of Federal agencies on priorities . 
I 

I 
I 

I . 
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I 
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Session C: The State's Role 
l 
~ n Floodplain Management 
I 
I 
I 
I 
I 

I 
I 
I 

I 
I 

9. i Establish state floodplain managen1ent standards. Cu1Tent State Statutory 
! require1nents equal or exceed the minimum FIA requirements. 
I 

··. 

I 
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~ession C: The State's Role 
~n Floodplain Management 
I 

I 

I 

• 

10. !Assure coordination and consistency of floodplain manage1nent activities with other 
I 

!agencies .. ADWR and ADEM meet with other agencies as necessary to coordinate 
I 

i activities. -

I 
I 

I 

I· 
I 

! 
! 
I 
I 
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Session C: The State's Role 
I 

'n Floodplain Management 
I 
I 

I 
I 

I 
I 

I 
I 
I 

I 

• 

12. ! Participate in floodplain management training activities. Both ADWR and ADEM 
i staff support workshops for co1n1nunity staff and others on floodplain 1nanagement 
: and assist in training when opportunities arise. 

I 
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Session II. ADWR's Role in 
Floodplain Management 

q, Establish state floodplain management standards. 

IJ . Participate in floodplain management training activities . 

/ 
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Session II. ADWR's Role in 
Floodplain Management 

State Standard Work Group 
• Mission 

•Group Membership 

.ADWR 
• Rural Areas- currently Yavapai County 

and Gila County 

• Urban Areas - currently Maricopa County 
and Pima County 

• AFMA Technical Committee 
Representative 

I 

,. ' 

---··· 
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Process 

• Establish Need/Priority 

t Obtain Funding 

t Study (Con$ultants) 

' Draft Standard (Consultants) 

' RevieV# by Floodplain Manag~~ent 
Co111111unity ( 1 02 Arizona Co111111Unity 
Participants in NFIP, AFMA, 
Technical Co111ntittee, Consultants) 

' Revisions as Appropriate 10 
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State Standards· 

A Partnership 

tADWR 

t Arizona Floodplain Management __ 
Association (AFMA) 

t State Standards Work Group 

- ADWR, Urban/Rural Counties, 
AFMA, Technical Committee 

- ManpoV#er,~ Plus Funding 
---------·· 

') • 
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• 
State Standards • 

A Partnership 

' Arizona County Engineers Assoc. 

'ADOT 

'LTAP 
' Consultant Cotntnunity 

- Develop State Standards 

• Com111ent on State Standards 

- Training (ex. SS2-96: 
Joint EffOrt • 3 Firtns) 

--·-· ,' 

.) 

., 
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Floodplain Issues in Transportation Design 
Presentation Outline By Section 

1/3/02 
Teaching Time: 15 Minutes 

Ill. Overview of State Standards 

A. SS1-97 
B. SS2-96 
C. SS3-94 
D. SS4-95 
E. SS5-96 
F. SS6-96 
G. SS7-98 
H. SS8-99 
I. SS9-02 

C:\11 data\Section lll_state_stand.doc 

Approx. 9 Slides 

.Stan tee 
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$ession C: The State'S Role 
I 

jn Floodplain Mcanagement 
I 

I 

I 
I 
i 
1SS1 -97: 
I 
I 
I 
I 

I 

pS2-96: 
I 

I 
I 

I 

bs3-94: 
I 

I 
I 

rS4-95: 

I 

Arizona Depa rtme nt of Water Resources 

State Standards for Floodplain Management 

Requirement for Flood Study Technical 
Documentation 

• Sets technica l documentation standards for Flood 
Studies that are to be submitted to ADWR or 
PEMA. 

Requirement for Floodplain and Floodway 
Delineation in Riverine Environments 

. . 
• Provides methodologies for estimating 1 DO-year 

peak discharges, deli heating 1 DO-year floodplain 
limits, and determining administrative floodway 
boundaries for riverine floodplains in Arizona. 

State Standard for Supercritical Flow 
(Fioodway Modeling) 

• Provides guidelines to be used when modeling 
floodways for supercritical or near-critical flow 
conditions in Arizona. 

State Standard for Identification of and Development 
within Sheet Flow Areas 

• Detai ls minimum floodplain management 
standards for identification of and development 
within sheet fl ooding areas in Arizona. 

SS5-96: 

SS6-96: 

SS?-98: 

SSB-99: 

State Standard for Watercourse System Sediment 
Balance 

• Provides guidelines for identification of and 
development within erosion hazard areas, 
watercourses with a net sediment deficit, and 
watercourses with a net sediment surplus. 
Individual guidelines for: Lateral Migration Setback 
Allowance, Channel Degradation Estimation, and 
River Stability Impacts associated with Sand and 
Gravel Mining . . 

St~te Standard for Development of Individual 
Residential Lots with in Floodprone Areas 

• Site Plan Checklist, Typical Plan, and Cross
Section requirements for Individual residential lots 
within floogprone areas. 

State Standard for Watercourse Bank Stabilization 

• Provides minimum design standards for several 
bank stabilization techniques. 

State Standard for Stormwater Detention/Retention 

• Provides minimum criteria for sizing Detention 
and/or Retention facilities. 

37 
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~ession C: The State',s Role 
in Floodplai~ Management 

I 
I 
I 
I 
I 
ISS9-02: 

I 
i 
I 
I 

Arizona Department of Water Resources Continued 

State Standards for Floodplain Management 

State Standard for Requirements for Floodplain 
Modeling - (Adopted 7/30/2002) 

• Provides guidance in mathematical modeling of 
.hydraulic processes in watercourses and 
floodplains . 

All documents accessible in PDF format on ADWR website. 

www.water.az.gov 

• 

click on publications link 

Arizona Department of Water Rosourcos works to 
long- term dependable wa ter supplies for Arizona's 

ICOmmunlllies. The Department: 

• administers and enforces Arizona's 9roundwater 
code, and sur face water righ ts laws (oMcep t those 
rela ted to wa ter quality); 

• negotia tes with ex ternal political t'ntilies to protect 
Arizona's Colorado R.iver wa ter supply; 38 
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fiession C: The State's Role 
'n Floodplain Management 
I 

State Standards 

• Three Level Approach 

• Leve/1 

• Level 2 

• Leve/3 

• 

39 
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I 

I 

~ession C: The State'S Role 
;n Floodplain Management 
I 
I 

I 

. I 

Arizona Floodplain Management Training Seminar 
Three-Level Approach for State Standards 

Level 1. 

• Level 1 is the minimum level of regulation acceptable. 
• Level 1 is intended for use where only limited site and flood data 

are available, and where site improvements are minimal. 
• Level 1 requires the lowest level of effort to apply. 
• Level 1 is generally the most conservative. 
• Level 1 requires the lowest investment (labor 9nd cost) . 

Example: Isolated single family residence along unmapped 
floodplain in rural area . 

• 
·. 

40 
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Session C: The State'S Role 
I 

~n Floodplain Management 
I 
I 

~ .. . 

" Level 2. 

• Level 2 requires a bas.ic understanding of hydrologic principles 
and mathematics. 

• Level 2 is appropriate for single lot devefopments where some 
site and flood data are available. -

I • Level 2 is generally less conservative than Level 1, and may or 
may not be more conservative than Level 3. I 

I-

I 
I 

I Examples: 
,/ 

Single family residence in unmapped floodplain 
I 
I 

I 
I 
I 

in suburban or rural area, site survey available . 

• 
' '· 

41 
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Session C: The State',$ Role 
I 

~ . 

,n . Floodplain Management 
I 
I 
I 

LeYel 3. 

• Level 3 involves detailed engineering analyses. 

• Level 3 is int~nded for use on larger developments or where 
- regional floodplain management issues are impacted. 

• Level 3 requires the highest investment of labor and cost. 

• Level 3 analyses are most appropriate for generating 

hydrographs, evaluating watershed response to changes, 

and modeling complex watersheds_._ 

Examples: New subdivrsion within unmapped floodplain . 

• 

42 
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Session C: The State'~s Role 
in Floodplain Management 

State Standards 

• Limits of Applicability 

43 
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Session C: The State'~S Role 
in Floodplain M_anagement 

., 

Arizona Floodplain Management Training Seminar 
Limits of Applicability for ·state Standards 

-· 
State Standards shall be applied within the State of Arizona for: 

- 1. Areas with a watershed larger than 1/4 square mile 
(0.25mi2 ), or 

2. Areas with a 1 00-year peak discharge gr_~ater than 500 cfs, 
or 

3. Areas with significant flood hazards ··identified by a local 
floodplain administrator 

• 

44 
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Session C: The State's Role 
in Floodplain Management 

St~te Standards shall not be applied within the State of Arizona 
for: · 

1. Floodplain areas that have been mapped as part of a 
detailed Flood Insurance Study by FEMA or a local 

· floodplain management age_ncy. A detailed study includes, 
at minimum, base flood elevations and floodplain limits. 

2. Areas covered by more stringent local ordinance, as 
determined by the Director of ADWR. 

NOTES: 

1. Other limitations and restrictions are described with the text 
of each adopted State Standard. 

4) 
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Floodplain Issues in Transportation Design 
Presentation Outl ine By Section 

1/3/02 
Teaching Time: 30 Minutes 

Approx. 36 Slides 

IV. Overview of Regulations 

L-2-3 -s-lid_e_s____JI A. 
FEMA 
1. Background of FEMA-Federal Emergency Management Agency 

4 slides 

1slide 

2. FIRM-Flood Insurance Rate Maps maintained by FEMA 
3. FIS- Fiood Insurance Studies performed by FEMA 
4. NFIP-National Flood Insurance Program maintained by FEMA 
5. Floodplain Use Permit- Required for land use activities within a 

floodplain or flood hazard area as mapped by FEMA 
6. FEMA map revision process including required documentation, and 

problems in processing 
a) LOMR 
b) LOMA 
c) CLOMR 
d) Timing of FEMA Coordination Process 

7. Floodways & Multiple Profiles 

B. FHWA 
1. 23 CFR 650a [USE EXCERPTS FROM CODE OF FEDERAL 
2. Location Hydraul ic Studies REGULATIONS -provide complete CFR as 

attachment] 

C. State and Local Regulations 

~-------. D. Environmental Permits 
8 slides 1. USAGE 404 

2. USEPA 
a) NPDES 

+ SWPPP (including BMPs) 
b) AZPDES 

1 

C:\ 11 data\Section IV _regs.doc 

Stan tee 
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fession B: National Flood lllsurance Prog_ram 
find the Federal E~ergency Management "-,-.... 
Agency's Role i·n Floodplain Management 

. Nation-al Flood lnsuran·ce Act of 1968 

. • The United States Congress passed the National Flood Insurance Act of ·. 
1968 and was enacted by Title XIII of the Housing and Urban Development 
Act of 1968 (L. 90-448, August 1, 1968). 

·• Purpose was to provide re.lief for individuals with property in flood
prone areas, provide flood protection insurance and to begin to 
develop uniform standards for floodplain management. 

/~ 

• Since 1968, the Act has been amended several times. 

• Mudslide protection was added to the Program by the Housing and Urban 
Development Act of 1969. 

6 
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~ession B: National Flood lrlsurance Prog~am 
and the Federal Emergency Management '·,,_. 
Agency's Role ill Floodplain Manageinent -," 

" . 

2. Flood Disaster Protection Act of 1973 

• Flood-related erosion protection was added to the Program by the 
. Flood Disaster Protection Act of 1973 (L. ·93-234, December 31, 1973). 

• It requires the purchase offlood insurance on and after March 2, 197 4, 
as a condition of rec~iving any form of Federal or federally-related 
financial assistance for acquisition or construction purposes with respect 
to insurable buildings and mobile homes within pn identified special 
flood, mudslide, or flood-related erosion hazard area that is located 

· within any community participating in the Program. 

7 
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~ession B: National Flood Insurance Program 
I . 
and the Federal Emergency Management 
Agency's Role in Floodplain Management 
I . . 
I 

I 
3. Communities Must be in the. Program to 

_,.,."' .. 

Receive Assistance 
• The Act also requires that on and after July.1, 1976, or one year after a 

community has been formally notified by the Administrator of its 
identification as a community containing one or more special flood, 
mudslide, or flood-related erosion hazard areas, no such Federal 
financial assistance, shall be provided within such an area unless 
the col1)munity in which the area is located is then participating in 
the Program, subject to certain exceptions. 

• To qualify for the sale of federally-subsidized flood insurance a community 
must adopt and submit to the Administrator as part of its · 
application, floodplain management regulations, satisfying at a 

,_ minimum the criteria designed to reduce or avoid future flood, mudslide 
(i.e., mudflow) or flood-related erosion damages. These regulations must ,, 
include effective enforcement provisions. 

I 

8 
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Session B: National Flood Insurance Program 
I 

~nd the Federal Emergency Management 
I 

Agency's Role in Floodplain Management 
I . 
I . 
I 

I 
I 

I 

I 
/ 

5. National Flood Insurance Reform Act (1994) 

• Grants provide 75o/o of the cost of mitigation planning projects up to 
$50,000 per community. 

• Funding of up to $3.3 million grant per community over five years 
for a feasible and cost effective mitigation project. Community 

. must have a mitigation plan to receive a grant. 

' ' 

.-·-'" 

I 
I 

,. ' 

:'! .. . . 
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~ession 8: National Flood ln'surance Program 
I . 
I -
and the Federal Emergency Management '',,_ 
~gency's Role in Floodplain Management 
I 

I 

5. National Flood Insurance Reform Act (1994) 

• l;v.ery five years FEMA must assess the need to revise and update 
fl~odplain maps. 

: - • CRS officially made part of NFIPs statutory authority. 
I 

I 
I' 

I 
I 
I 

I 
. I 

I 
I 
I 

I 

I 
I 
I 

• Lender compliance requires flood insurance and written notification that 
the property is in a special flood hazard area . 

13 
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~ession B: National Flood Insurance Program 
~nd the Federal Emergency Management 
I 

~gency's Role in Floodplain Management 
I 
I 
I 
I . 
I ~-

1 6. Flood Insurance Rate Maps, Floodway Maps 
I and Flood Insurance Studies 

I 
I 
I 

I 

I·" 
I " '-. 

• Flood Insurance Rate Maps 

I 
1 
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Session B: National Flood Insurance Program 
I . 
an.d the Federal Emergency Management 
~gency's Role in Floodplain Management 

I 

I 
I i . 
i / 
I . ~ 

j 6. Flood Insurance Rate~ Maps, Floodway Maps 
i and Flood Insurance Studies 

• Flood Insurance Rate Maps 

• Flood Boundary and Floodway Maps 

I 

: 
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Session H: Floodway ~Delineation 

FLOODWAY SCHEMATIC 

100 YEAR FLOODPLAIN -------···--·· .,.. 

[
ADMiNISTRAT IVE ,.FLOOOWAY] 

--- FLOOOWAY ---· ----·---- FRINGE _____ ,., .. _ ........... -
STREAM 

----. CHANNEL __ .. 

··---·------~·--· -····-----~ ,,. ·-········· 
------·--·----- _ .ll!!B~t!~G.E;. .. _ ..... ··· ·· -. ·-----. t 

(FLOODWAY) + (FLOODWAY FRINGE)= 100 YEAR FLOODPLAIN (SFHA) 
SURCHARGE NOT TO EXCEED 1.0 FEET 

ENCROACHMENT AREA IS THE AREA THAT COULD BE USED FOR DEVELOPMENT 

• 
I I 

186 
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Session H: Floodway ~Delineation _ 
. "-'.. .., 

'· 

The 100-Year Floodway 
'·· '-

The FEMA floodway standard is essential for the success of floodplain management. Any development in a 
floodplain which obstructs the flow of water generally causes the water surface elevation to be higher across 
the rest of the floodplain . Limitations on floodplain encroachment are necessary to he!p reduce adverse 
impacts from new development in floodways on existing structures. Under the Arizona Revised Statutes 
anq the National Flood Insurance Program, floodp lain encroachment is allowed only to the extent that it 
causes no more than a one foot rise in the 1 00-year water sl.1i:face elevation when considered across the 
entire floodplain . The remaining unencroached ar~a . is reserved for conveyance of the I 00-year flood and is 
referred to as the regulatory floodway. One:~ a regulatory floodway is established, no further development 
is allowed within this special conveyance area without approval of the local community and FEMA. 
Technical data which supports the floodway revision must be provided. A community may adopt stricter 
flood way regulations if they wish. Several communities throughout Arizona and the U .S. have adopted 
regulations which require that floodway encroachments raise the natural water surface elevation less than 

./ 

the one foot FEMA criteria (e.g. , one-tenth foot, one-half foot). .· -/ 

196 
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~ession B: National Flood Insurance Program 
find the Federal Emergency Management 
Agency's Role in Floodplain Management 

_,/ 

6. Flood lnsyrance _Rate Maps, Floodway Maps 

I 
I 
I 
I . 

I 
I ' 

and Flood Insurance Studies 

• Flood Insurance Rate Maps 

• Flood Boundary and Floodway Maps 

• Flood Insurance Studies 

/ 

---·~·· 
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Session B: National. Flood Insurance Program 
~nd the Federal Emergency Management 
Agency's Role in Floodplain Management 
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Table 2. Summary of Discharges (Cont'd) 

Drainage Area Peak Discharges (cfs) 
Flooding Source and Location (Square Miles) 10-Year 50-Year 100-Year 500-Year 

Ruelas Canyon 
Downstream of confluence with Unnamed Canyon 56.6 6,562 
At Apex 3.58 1,800 4,460 5,990 10,470 

Sabino Creek 
Above confluence with Tanque Verde Creek 66.4 4,900 12,000 18,000 36,000 
Above confluence with Bear Creek 36.8 3,750 8,500 12,500 25,000 

< 

Sahuara Wash 
At Pima Street 0.4 622 

San Juan Wash 
At confluence with West Branch Santa Cruz River 1.2 2,165 

~ 1,300 feet upstream of Mission Road 1.1 2,420 
00 

At Greasewood Road 0.4 1,125 

Santa Clara Wash 
At Interstate Highway 19 0.3 705 

Santa Cruz River 
At Cortaro Road 3,503 21 ,800 48,000 70,000 107,400 
Above confluence with Canada del Oro Wash 3,232 21,800 48,000 70,000 101 .~oo 
At Cortaro Farms Road 3,053 21,800 48 ,000 70,000 107,400 
Above confluence with Rillito Creek 2,282 16,800 41 ,000 60,000 93,000 
At Congress Street 2,222 16,800 41,000 60,000 93,000 
At Drexel Road 2,101 16,800 41 ,000 60,000 93,000 
At Continental Road 1,662 1 45,000 1 

1Data not computed 



BASE FLOOD 
FLOODING SOURCE FLOODWAY WATER-SURFACE ELEVATION 

WITHOUT WITH 
CROSS SECTION DISTANCE' WIDTH SECTION AREA MEAN VELOCITY REGULATORY FLOODWAY FLOODWAY INCREASE 

(FEET) (SQUARE FEET) (FEET PER 
(FEET NGVD) SECOND) 

Santa Cruz River 
(Above Pima 
Mine Road) 

(Cont'd) 
DA 60.336 1,990 9,097 4 .9 2,811.0 2,811 .0 2 ,811.6 0.6 
DB 60.545 1,950 7,893 5.7 2,814 .1 2,814.1 2,814 .8 0.7 
DC 60 .673 1,975 8,139 5.5 2,817 .0 2,817 .0 2,817 .2 0.2 
DD 60 .958 2,385 7,719 5.8 2,824.9 2,824.9 2,825 .7 0.8 
DE 61.1 17 2,440 14,586 3. 1 2,826 .8 2,826 .8 2,827 .7 0.9 
DF 61.334 1,580 6,459 7.0 2,827.4 2,827.4 2,828 .2 0.8 
DG 61.562 498 4,145 10 .9 2,832.7 2,832. 7 2,832.7 0.0 
DH 61 .838 755 6,004 7.5 2,838 .2 2 ,838 .2 2,838 .3 0.1 
DI 61.982 1,006 4,950 9.1 2,840 .9 2,840 .9 2,840 .9 0.0 
DJ 62.228 580 4,437 10. 1 2,847 .2 2,847.2 2,847 .6 0.4 
DK 62 .268 563 5,802 7.8 2,848.3 2,848 .3 2,849 .1 0.8 
DL 62.428 I ,335 8,580 5.2 2,850 .6 2,850.6 2,851.4 0.8 
DM 62.678 2,020 6,421 7.0 2,854 .8 2,854 .8 2,855 .3 0.5 
DN 62.878 2,855 14 ,645 3. 1 2.857.6 2,857.6 2,858.4 0.8 
DO 63.123 2,840 6,018 7.5 2,860. 1 2,860.1 2,860 .3 0.2 
DP 63 .314 2,850 11,736 3.8 2,864.6 2 ,864 .6 2,864 .8 0.2 
DQ 63 .666 2 ,940 7,1 92 6.3 2,869.0 2,869 .0 2,869 .8 0.8 
DR 63.833 1,995 8,595 5.2 2,872.9 2,872.9 2,873.7 0.8 
DS 64 .0 17 1,660 6,3 19 7.1 2,875 .7 2,875 .7 2,876 .3 0.6 
DT 64. 183 1,635 7,279 6.2 2,878.1 2,878. 1 2,878 .8 0.7 
DU 64 .392 1,520 4,833 9.3 2,883 .3 2,883.3 2,883.5 0.2 
DV 64 .587 1,500 7, 181 6.3 2,888 .0 2,888 .0 2 ,888.9 0.9 
DW 64.725 1,330 6,605 6.8 2,890.3 2,890 .3 2,890 .8 0.5 
DX 64.945 1, 135 6,588 6.8 2,893.4 2,893.4 2,893.6 0.2 
DY 65 . 100 1,090 5,724 7. 9 2,895 .6 2,895.6 2,896 .0 0.4 
DZ 65.272 1, 145 5, 156 8.7 2 899.9 2 899.9 2 .9 0.0 

'Milt!s ahnvt: 

T 
A FEDERAL EMERGENCY MANAGEMENT AGENCY FLOODWAY DATA B 
L PIMA COUNTY, AZ E 

4 
AND INCORPORATED AREAS SANTA CRUZ RIVER (ABOVE PIMA MINE ROAD) 

.. 
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Session B: National Flood Insurance Program 
a·nd the Fe.deral . Emergency Management 
Agency's Role in Floodplain Management 

, 

6. Flood Insurance Rate Maps, Floodway Maps 
. . 

and Flood Insurance Studies 

• Flood Insurance Rate Maps 

• Flood Boundary and Floodway Maps 

• Flood Insurance Studies 

• "Guide to Reading FIRMs" 

'· 

I 

20 
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Floodplain Issues in 

Transportation Design 
• FEMA Map Revisions 

- LOMR/LOMA/CLOMR 
• Process 

• Fees 

• Tin1ing 

• 
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Chapter 2- Policy and Guidelines Section 5- FEMA Policy and Procedure 

NFIP Map Revision Request Procedure 

Generally, for TxDOT projects, an application for a CLOMR or LOMR should be prepared 
by TxDOT and submitted to FEMA by the participating community, TxDOT having 
provided supporting documentation. The procedural outline below assumes that a CLOMR 
or LOMR is needed. 

1. Contact the FEMA coordinator for the participating community to discuss the need for 
map revision, to identify any conflicts, and to establish areas of cooperation. 

2. Obtain detailed data for the FIS from FEMA. This will include the hydrologic and 
hydraulic analyses, current mapping, and active CLOMRs and LOMRs. The community 
may have this information. However, the source for the most current data is FEMA ' s 
Technical Evaluation Contractor. 

3. Acquire cross section survey data and establish existing field conditions in the 
floodplain at the proposed site. 

4. Document the results of the hydraulic models. 

5. Acquire and complete Form MT-2 "Application/Certification Forms for Conditional 
Letters of Map Revision, Letters ofMap Revision, and Physical Map Revisions." 

6. Provide the participating community with the application and supporting 
documentation. Send the application and supporting documentation to the participating 
community with a request to submit the package to FEMA. Request the community to 
confirm the submittal and notify TxDOT ofFEMA's response. 

FEMA response is usually a request for additional data, issuance of a map revision, or an 
indication that no map revision is required. 

Fees associated with the application and review process are revised periodically. In 2001 
these totaled about $5,400 for a CLOMR and follow-up LOMR and did not include the cost 
of retrieving the original FIS data. All associated fees for TxDOT projects should be 
assigned to engineering costs . 

Hydraulic Design Manual 2-22 TxDOT 4/2002 
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· FEMA: Flood Hazard Mapping -- Flood Map-Related Fees Page 2 of4 

CURRENT FEE SCHEDULE FOR MITIGATION PRODUCTS AND SERVICES 
(effective as of September 1, 2002). 

Requests for Single Lot, Single Structure 
Fee Comment 

Map Change 

Single lot, single structure LOMA Free N/A 

Single lot, single structure CLOMA and CLOMR-F $500 Flat Fee 

Single lot, single structure LOMR -F $425 Flat Fee 

Single lot, single structure LOMR-F based on as-bu il t 
$325 Flat Fee 

information (CLOMR-F previously issued by FEMA) 

Requests for Multiple Lot, Multiple Structure 
Fee Comment 

Map Change 

Multi -lot, multi-structure LOMA Free N/A 

CLOMA 
,, 

$700 Flat Fee 

CLOMR-F and LOMR-F $800 Flat Fee 

LOMR-F based on as-built information (CLOMR-F $700 Flat Fee 
previously issued by FEMA) 

Requests for Map Change 
Requiring Special Fee Comment 
Technical Review 

CLOMR based on new hydro.logy, 
bridge, culvert, channel or $4,000 Flat Fee 
combination thereof 

CLOMR based on levee, berm, or 
$4,500 Flat Fee 

other structural measures 

LOMR/PMR based on bridge, 
$4,200 Flat Fee 

culvert, channel or combination 

LOMR/PMR based on levee, 
$6,000 Flat Fee 

berm , or other structural measures 

LOMR based on as-bu ilt 
information (CLOMR previously $3,800 Flat Fee 
issued by FEMA) 

LOMR/PMR based solely on 
Free N/A 

submission of more detailed data 

LOMR/CLOMR based on Initial fee p lus $50 per hour. 
structural measures on ·alluvia l $5,000 Requester will be invoiced for 
fans remaining ba lance 

Payment must be received before services will be rendered. Check, money 
orders, and credit cards are accepted. 

http :1/vvww .fe:rpa.gov/mit/tsd/frrn _ fees.htm 11119/02 
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W AIS Document Retrieval 

[Code of Federal Regulations] 
[Title 23 , Volume 1] 
[Revised as of April 1, 2002] 
From the U. S. Government Printing Office via GPO Access 
(CITE : 23CFR650.101 ] 

[Page 226] 

TITLE 23 --HIGHWAYS 

CHAPTER I -- FEDERAL HIGHWAY ADMINISTRATION, DEPARTMENT OF TRANSPORTATION 

PART 650- - BRIDGES, STRUCTURES , AND HYDRAULICS--Table of Contents 

Subpart A--Location and Hydraulic Design of Encroachments on Flood 
Plains 

Sec . 650. 101 Purpose . 

Source: 44 FR 67580 , Nov . 26, 1979 , unless otherwise noted. 

To prescribe Federal Highway Administration ( FHWA) policies and 
procedures for the location and hydraulic design of highway 
encroachments on flood plains , including direct Federal highway projects 
administered by the FHWA . 

Page 1 of 1 

http ://frwebgate.access .gpo.gov/cgi-bin/get-cfr.cgi?TITLE=23&PART=650&SECTION=101& 12/27/02 
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W AIS Document Retrieval 

[Code of Federal Regulations] 
[Title 23 , Volume 1) 
[Revised as of April 1 , 2002) 
From the U.S. Government Printing Office via GPO Ac c e ss 
[CITE: 23CFR650.103 ] 

[Page 226] 

TITLE 23- - HIGHWAYS 

CHAPTER I -- FEDERAL HIGHWAY ADMINISTRATION, DEPARTMENT OF TRANSPORTATION 

PART 650--BRIDGES, STRUCTURES, AND HYDRAULICS--Table of Contents 

Subpart A- - Location and Hydraulic Design of Encroachments on Flood 
Plains 

Sec . 650 .103 Policy. 

It is the policy of the FHWA : 
(a) To encourage a broad and unified effort to prevent uneconomic , 

hazardous or incompatible use and development of the Nation ' s flood 
plains , 

(b) To avoid longitudinal encroachments, where practicable , 
· (c) To avoid significant encroachments , where practicable , 

(d) To minimize impacts of highway agency actions which adversely 
affect base flood plains , 

(e) To restore and preserve the natural and bene ficial flood - plain 
values that are adversely i mpacted by highway agency actions, 

(f) To avoid support of incompatible flood- plain development , 
(g) To be consistent with the intent of the Standards and Criteria 

of the National Flood Insurance Program, where appropriate, and 
(h) To incorporate ''A Unified National Program for Floodplain 

Management '' of the Water Resources Council into FHWA procedures. 

[[Page 227]] 

yage 1 01 1 

http://frwebgate.access .gpo.gov/cgi-bin/get-cfr.cgi?TITLE=23&PART=650&SECTIO =103& 12/20/02 
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W AIS Document Retrieval 

[Code of Federal Regulations] 
[Title 23 , Volume 1] 
[Revised as of April 1 , 2002] 
From the U. S. Government Printing Office via GPO Access 
[CITE: 23CFR650.107 ] 

[Page 228] 

TITLE 23--HIGHWAYS 

CHAPTER I - - FEDERAL HIGHWAY ADMINISTRATION , DEPARTMENT OF TR~NSPORTATION 

PART 650--BRIDGES, STRUCTURES , AND HYDRAULICS--Table of Contents 

Subpart A--Location and Hydraulic Design of Encroachments on Flood 
Plains 

Sec. 650 . 107 Applicability . 

(a) The provisions of thi s r egulation shall apply to al 
encroachments and to all actions which affect base flood plains, except 
for repairs made with emergency funds (23 CFR part 668 ) during or 
immediately following a disaster . 

(b) The provisions of this regulation shall not apply to or alter 
approvals or authorizations which were given by FHWA pursuant to 
regulations or directives in effect before the effective date of this 
regulation . 

Page 1 of 1 

http ://frwebgate.access.gpo .gov/cgi-binlget-cfr.cgi?TITLE=23&PART=650&SECTION=107& 12/20/02 
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W AIS Document Retrieval 

[Code of Federal Regulations] 
[Title 23 , Volume 1] 
[Revised as of April 1 , 2002] 
From the U. S. Government Printing Office via GPO Access 
[CITE: 23CFR650 .111 ] 

[Page 228] 

TITLE 23 --HIGHWAYS 

CHAPTER I -- FEDERAL HIGHWAY ADMINISTRATION, DEPARTMENT OF TRANSPORTATION 

PART 650-- BRIDGES, STRUCTURES , AND HYDRAULICS- - Table of Contents 

Subpart A- - Location and Hydraulic Design of Encroachments on Flood 
Plains 

Sec. 650 . 111 Location hydraulic studies. 

(a) National Flood Insurance Program (NFIP) maps or information 
developed by the highway agency, if NFIP maps are not available, shall 
be used to determine whether a highway location alternative will include 
an encroachment. 

(b) Location studies shall include evaluation and discussion of the 
practicability of alternatives to any longitudinal encroachments . 

(c) Location studies shall include discussion of the following 
items , commensurate with the sign~ficance of the risk or environmental 
impact , for all alternatives containing encroachments and for those 
actions which would support base flood - plain development : 

(1) The risks associated with implementation of the action, 
(2) The impacts on natural and beneficial flood- plain values , 
(3 ) The support of probable incompatible flood-plain development, 
(4 ) The measures to minimize flood - plain impacts associated with the 

act i on , and 
' 5) The measures to restore and preserve the natural and beneficial 

flood- plain values impacted by the action. 
(d) Location studies shall include evaluation and discussion of the 

practicability of alternatives to any significant encroachments or any 
support of incompatible flood- plain development. 

(e) The studies required by Sec. 650 .111 (c) and (d) shall be 
summarized in environmental review documents prepared pursuant to 23 CFR 
part 771. 

(f) Local, State , and Federal water resources and flood-plain 
management agencies should be consulted to determine if the proposed 
highway action is consistent with existing watershed and flood-plain 
management programs and to obtain current information on development and 
proposed actions in the affected wate rsheds . 

Page 1 of 1 

http ://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=23&PART=650&SECTION=111& 12/20/02 
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Floodplain Issues in 

Transportation Design 
• State Regulations 

- LOMR/CLOMR 

• Local Regulations 
-Local Community Approves LOMR/CLOMR 

- Consult with Local Floodplain Management 
Agency 
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The extent of regulation is to the ordinary high water mark This is the line on the shore established 
by water fluctuations and seen by shelving, vegetation, and debris lines on the banlc, 

Slide 21 of 118 
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or changes in soil type. Sandbars or shelves may be located within the ordinary high water mark. Any 
dredged or fill1naterial placed or excavated below the ordinary high water mark is regulated by the 

Clean Water Act. 

Slide 22 of 118 



••• SUMMARY OF NATIO. PERMITS (Pim a and Pinal Counties) • 
NWP !TITLE MAXIMUM ACREAGE NOTIFICATION THRESHOLD (PCN) 401 CERTIFICATIO N 

3 Maintenance• (1) repair, replacement, rehabllltallon of structures equals the current structure's configuration none Yes, conditional 
previously authorized and currently In use with some minor deviations 

(li) Discharges of dredged or fill material, Including excavation 200 feet In any direction from the structure, Required Yes, conditional 
to remove sedlmenVdebris. and the placement of rip rap lo protect and dredging Is llmlled to 50 cubic yards 
the structure 

7 Qu.lfa!J...S.tr.u.ciure.s...arulM.ainte naoc.c.: equals original design configuration Required Yes, Conditional 
construction of outfall and intake structures, and maintenance 
excavation lo remove sediment blocking structures 

12 JJ!lll.I.)U.ine Activi ties: 112 acre with PCN > 1/10 acre, and > 500 feel Yes, conditional 
conslrucllon, maintenance, and repair of ullllty lines and 1/10 acre, and< 500 L.F. without PCN 
associated facilities 

13 !WJlLS.lahlll~ N/A N/A N/A 

lt 
No! authorized with in these geographical areas. 

' 

14 Lin ea r Trans.JlQ!1.a.Uon C rossings.: Public: 1/2 acre with PCN > 1/10 acre (single crossing) Yes, Conditional 
construction, expansion, modification or linear transportation 1/10 acre without PCN 
crossings (public and private) Private: 113 acre with PCN (< 200 L.F.) > 1/10 acre, and< 200 L.F. Yes, Conditional 

1/10 acre without PCN (< 200 L.F.) (cumulative for multiple crossings) 
J 

18 MJ.n.a.r..llls.~ < 25 cubic yards with PON > 10 cubic yards Yes 
minor discharges of dredged or fill material < 10 cubic yards without PCN 

25 S.twctural Discharges · N/11 N/A Yes 
discharge of material Into sealed forms or cells, where the material will I 

be used as a slruclural member of a pile supported structure, such as 
a bridge (lhls NWP previously used for con-arch pipe crossings: 

29 SJ.ngjc..Eam.Uy Housing: 1/4 acre Required Yes, Conditional 
construction or expansion of a single-family home by an individual 
(lots of limitations) 

39 RQ.S.ldlmli..'I!.J&miilllllia.l..a.rulln.s.UIJJ.t il!nalJl.gy_ciQpmc.nls.:. 1/2 acre with PCI'{ (<·300 L.F.) >1/10 acre, and< 300 L.F. Yes, Conditional 
conslruclionlexpanslon of building pads and attendant features 1/10 acre without PC'N (;:< :loo L.F.); however, 

requires written report to /'iCOE within 30 
of completion of work 

Page 1 of 2 11/15/01 



•• SUMMARY OF NATIO. PERMITS (Pima and Pin al Counties) • NWP I TITLE MAXIMUM ACREAGE NOTIFICATION THRESHOLD (PCN) 401 CERTIFICATI ON 

41 B.nbaRiruLExJl;lingJllainag_Q_Qil<ili.Qs; N/A >500 L.F. Yes 
modification to existing ditch configuration (reshaping cannot 
increase capacity) 

42 R.o_CLOMQoalEa.c.illtle.s.; 
. 

1/2 acre with PCN (< 300 L.F.) 1110 acre, and < 300 L.F. Yes, Cond ltional 
co11struclio11/expanslon of recreational facility, I.e. hiking trails, 1/10 acre without PCN (< 300 L.F.) 
bike/horse paths, and campgrounds (no substantial change to 
natural contours and pre-construction grades) 

43 s.tormw.lll.L.Mao.ag.e.mJUJ.l.E.aJi illo.s.: 112 acre with PCN (< 300 L.F.) 1/10 acre, and < 300 L.F. Yes, Conditional 
construcllonlmalntenance of stormwater management facilities, 1/10 acre without PCN (< 300 L.F.) 
I.e. detention/retention basins, slormwater ponds, outlall structures, 
and emergency spillways 

Page 2 of2 11115101 



THIS FORM REPLACES PREVIOUS FORM 3510-6 (8-98) 
See Reverse for Instructions 

Form Approved. OMS No. 2040-0188 

&EPA 
United States Environmental Protection Agency 

Washington, DC 20460 
Notice of Intent (NOI) for Storm Water Discharges Associated with 

CONSTRUCTION ACTIVITY Under a NPDES General Permit 

Submission of this N.otice of Intent constitutes notice that the party identified in Section I of this form intends to be authorized by a NPDES permit issued 
for storm water discnarges associated with construction activity in the State/Indian Country land identified in Section II of this form. Submission of this Notice 
of Intent also constitutes notice that the party identified in Section I of. this form meets the eligibility requirements in Part I.B. of the general permit (including 
those related to protection of endangered species determined through the procedures in Addendum A of the general permit), understands that continued 
authorization to discharge is contingent on maintaining permit eligibility, and that implementation of the Storm Water Pollution Prevention Plan required under 
Part IV of the general permit will begin at the time the permittee commences work on the construction project identified in Secion II below. IN ORDER TO 
OBTAIN AUTHORIZATION, ALL INFORMATION REQUESTED MUST BE INCLUDED ON THIS FORM. SEE INSTRUCTIONS ON BACK OF FORM. 

I. Owner/Operator (Applicant) Information 
/ 

Name: 

City: 

II Project/Site Information 
I 

State: LLJ 

Phone: 

Zip Code: 

Status of 
Owner/Operator: 

I I I I 1- 1 

D 
I I 

\ Is the facility located on Indian 
Country Lands? 

\P roj eel Name: L.l ___.____._1 _IL.-----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----'----l Yes 0 No 0 
' 
.Pro~ Address/Location: .._I -'---'---'----'----'l._·_.._l _.___.____.___,_.___..__..._....__,___.__..___,___.___.___,__,_.___..__..._......_,_,___.__..__._......~..__. 

'"I City: L. ---'---'---'---'----'----'----'----'-~~I___~I___~_L._L._L-L-L-L-L-~~~~ 

Latitude: .._I -'----'---'---'----'----' Longitude: .._I ---'---'---'----'----''---'---' 

Has the Storm Water Pollution Prevention Plan (SWPPP) been prepared? Yes 0 
. I 

State: LLJ Zip Code: I - I 

NoD 
Optional: Address of location of 

SWPPP for viewing 0 Address in Section I above 0 Address in Section II above 0 Other address (if known) below: 

SWPPP Phone: 

Address: LI __,___._~~--'~'--L-~~--'---'---'----'----'-~--'-L-'--~~--'---'---'--L---'-1~1----l~L-L-L-~ I I I I I 

City: 

Name of Receiving Water: 

I I I I 
Month Day Year Month Day Year 

Estimated Construction Start Date Estimated Completion Date 

Estimate of area to be disturbed (to nearest acre): I I I I I I 

Estimate of Ukelihood of Discharge (choose only one): 

1. 0 Unlikely 3. 0 Once per week 5. 0 Continual 

2. 0 Once per month 4. 0 Once per d~y 

Ill. Certification 

'> 

State: LLJ 

Based ·on instruction provided in Addendum A of the permit, are 
there any listed endangered or threatened species, or designated 
critical habitat in the project area? 

Yes 0 No 0 
I have satisfied permit eligibility with regard to protection of 
endangered species through the indicated section of Part I.B.3.e.(2) 
of the permit (check one or more boxes): 

(a) Q (b>D (c) O (d) 0 

I certify under penalty of law that this document and all attachments were prepared under my direction or supervision in accordance with a system 
pesigned to assure that qualified personnel properly gather and evaluate the information submitted. Based on my inquiry of the person or persons who 
manage this system, or those persons directly responsible for gathe~ng the information, the information submitted is, to the best of my knowledge and 
belief, true, accurate, and complete. I am aware that there are significant penalties for submitting false information, including the possibility of fine and 
imprisonment for knowing violations. 

Date: L.l _._I _I.__.__.__'--' 

Signature: 

EPA Form 351 0-9 replaced 3510-6 (8-98) 
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Appendix D. Best Management Practices (BMP's) 

8. ' STRAW BALE BARRIER · 

/ 

---
-

- . . __ 

Definition A temporary barrier of straw bales used to intercept sediment-laden runoff 
from small drainage areas of disturbed soil. 

Appropriate Applications 

A straw bale dike is used where erosion would 
occur from sheet flow. These dikes are typi
cally constructed to intercept and detain sedi-

ment below disturbed areas which are subject 
to sheet flow. 

Limitations 

• Straw bale dikes should not to be used for 
extended periods of time because they will 
decompose. 

• Suitable only for sheet flow on slopes no 
greater than 2%. 

• Not appropriate for drainage areas larger 
than 0.4 hectares (1 acre). . 

• Straw bales lose their effectiveness pf'pidly 
due to decomposition, resulting i~ constant 
maintenance. // 

ADOT Erosion and Pollution Control Manual For Highway Design and Construction 

72 
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Appendix D. Best Management Practices (BMP's) 

9. ·siLT FENCE 

Definition 

76 

A temporary sediment barrier consisting of a filter fabric that is attached to sup
porting posts and entrenched into the soil. 

Appropriate Applications 

Silt fences must be provided upstream of the 
point of discharge of runoff from a site, before 
the flow becomes concentrated. They are not 
intended for use in detaining concentrated flows. 
They may be used in the following circum
stances : 

1. Below disturbed areas where runoff may 
occur in the form of sheet and rill erosion 
and wherever runoff has the potential t.o im-
pact downstream resources. / 

ADOT Erosion and Pollution Conrrol Manual For Highway Design and Consrruction 

/ 
I 

\ 
\ 
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V. 

Floodplain Issues in Transportation Design 
Presentation Outline By Section 

1/3/02 
Teaching Time: 30 Minutes 

Approx. 20 Slides Total: 
--10 Figures/Pictures 

Key Open Channel Concepts --10 Bullet Point Slides 

USE FIGURES 5.11, 5.12, 5.13, 5.14, 5.17, 5.32 FROM HDS6-01 

A. Alluvial Fans & Sheet Flow 

a) Alluvial Fan Definition 
b) Alluvial Fan Description & Types (incl . Characteristics) 

+ Briefly Discuss Classifications: 
Type A, Type B, Type C, TypeD, Type E & Relations Between 
(See CHPB-78.A (Section 4 (Pages 90 to 105) 
USE SOME OF FIGURES 28 TO 37 OF CHPB-78.A 

c) Alluvial Fan Influence on Channel Meandering 
d) Conditions Associated With/Contributing to Alluvial Fans 
e) Flow Regimes in Alluvial Channels 

+ Lowest Section of Flow-high friction forces 
+ Middle Section of Flow-transitional friction forces 
+ Upper Section of Flow-lower frictional forces/high sediment 

transport 

USE FIGURE 12 OF HDS4-97 

FOR THE ABOVE USE EXCERPTS OF: 

HDS6-01 (Section 5.2.3 to 5.2.4 ; 5.4.1 to 5.4 .8) 
CCDM-99 (Section 1400 to 1405) 
HDS4-97 (Section 4.2) 
CHPB-78.A (Section 4 (Original Document Pages 90 to 105 ) 

B. Channelized Supercritical Flow 

a) Channelized Supercritical Flow Definition 

Stantec 
1 

\\us1213-f01 \t-civii\PROJ14\851 02242\civii\Teaching Outline--60%\Section V _Basic Hydro.doc 
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b) Encroachment Hazards: high velocities, hydraulic jumps, disruption of 
channel processes 

USE FIGURE 6 OF SS 3-94 
USE FIGURE 7.30 OF MC-VII-96 
FOR THE ABOVE USE EXCERPTS OF: 

MC-VII-96 (Section 7.5) 
SS3-94 (Especially Page 2 & 5; 23-24) 
HEC 14-83 (Chapter4) 

C. Composite Flow 

a) Composite Flow Definition : supercritical & subcritical flow both 
present in same cross section 

b) Relation to Channelized Supercritical Flow 

FOR THE ABOVE USE EXCERPTS OF: 
CHPB-78A (Section 4) 
SS3-94 (Especially Page 2 & 6; 25) 

D. Braided Flow 

a) Braided Channel Definition 
b) Conditions Associated With/Contributing to Braided Channel 

+ Large bed load , sediment, erodible banks, steep slopes etc 
c) Floodway Limits are often defined by distance between most distant 

braids 
d) Anabranch ing vs. Braiding 

+ Definition 
+ the Effects on Bridge Design 
+ Countermeasures 

Use Section 2.2.1 0 to 2.2.11 and 5.5 of HEC 20-95 

USE FIGURE 7 OF SS 3-94 
FOR THE ABOVE USE EXCERPTS OF: 

HEC 20-95 (Section 2.2.1 0 to 2.2.12; 5.5) 
AHDG-99 (Section 2.5.1) 
CHPB-78A (Section 4 (Original Document Pages 82 (Braiding), 

84 (Anabranching), 94-103 (Type C to Type E)) 
HDS6-01 (Section 5.4.4 to 5.4.5) 
SS3-94 (Especially Page 2 & 6; 31-32) 

FOR SECTIONS B. C. AND D. OF THE ABOVE USE EXCERPTS OF: 
HDS6-01 (Section 5 .2 .3 to 5.2.4; 5.4.1 to 5.4 .8) 

Stan tee 
2 

\\us 1213-f01 \t-civii\PROJ 14\851 02242\civii\Teaching Outline-60%\Section V _ Basic Hydro. doc 



• STREAM SIZE Small Medium Wide 
(<30m wide) (30-150 m) (>150m) 

FLOW HABIT Ephemeral (loterminant) Perennial but flashy Perennial 

BED MATERIAL Silt-Oay Silt Sand Gravel Cobble or Boulder 

VALLEY ~ ~ ~ ~ SETilNG 
... }:;~ ;.;;;·:.':~:;:~:;: -----~-~--

No valley; alluvial fan Low relief valley Moderate relief Hi~ relief 
(<30m deep) (30-300 m deep) (> m deep) 

FLOODPLAINS ~ ~ ~/_.'/~~~ 
little or none Narrow Wide 

( < 2 x channel width) (2-10 x channel width) ( > 10 x channel width) 

~ ~ ~ NATURAL 
LEVEES 

little or none Mainly on concave Well developed on both banlcs 

~ ~2·S;sj ~;-~-~\~ APPARENT 
INCISION 

Not Incised Probably Incised 

• 
CHANNEL ~ (f:;:~ ~ BOUNDARIES ~··-::. :.:-:::: · ~~ ll tl •• • ' 

Alluvial Semi-alluvial Non-alluvial 
TREE COVER 

ON BANKS < SO percent of banlcline 50-90 percent of banlcline > 90 percent of bankline 

~ ~ 
~ SINUOSITY ~ ~ -

s~~~ Sinuosity 1-1.05) C:Sinu~~ 1.06-1. 
~eandering 

1.25-2.0) 
Highly reanderir.g 

> 2.0) 

BRAIDED ~ ~ ~ STREAMS r:st braided 
< f oerttnt) ~~braid~f - f'oercent 

~ne{f'Y braided 
> 3 ; tlercent) 

ANABRANCHED 

~ ~ ~ STREAMS 

N(t anabranched 
<5 percent) 

Lo~ a:nabranched 
5- 5 percent) 

Gen(rallv anabranched 
> 35 percent) 

VARIABIUTY JtLrJ ~ ~ OF WIDTH AND 
DEVELOPMENT Equiwidth Wider at bends Random variation 

OF BAilS 
~ ~ A ---

Narrow point ban Wide noint bars Irrell\llar ooint and lateral bars 

Figure 5.11 . Stream properties for classification (after Brice and Blodgett 1978) . 
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The result of increasing any or several of these variables (Figure 5.18 and Table 5.4) is to 
~romote braidin~ of thi~f5hannel. When locating this ~tr~am ?n Lane's diagram (Fi~ure 5 . ~~d it 
1s shown that w1th SQ · = 0.002 (SI = .00082), th1s nver 1s very close to the hne SQ · = 
0.0017 (.0007 for Sl) for meandering streams. Hence an increase in discharge or slope would 
be required to change the planform to a braided stream. 

(c) Determine the effect of increased discharge, bed sediment size, bed sediment load , or 
wash load on channel stability, resistance to flow, energy slope and stage of the same river. 

Table 5.5 can be used to provide a qualitative response to these changes. 

• Increase in discharge results in an increase in stage and a decrease in energy slope and 
channel stability. 

• Increase in sediment size results in an increase in stage, energy slope and resistance to 
flow. The channel stability might not be changed. 

• Increase in bed sediment load should increase the channel stability through a decreased 
resistance to flow, slope and stage. 

• Effect of increasing washload is similar to that of increasing bed sediment load except for 
channel stability, which is uncertain . 

5.9.2 PROBLEM 2 Classification of Alluvial Reaches 

Identify the three types of alluvial river reaches sketched below. Discuss the relative stability of 
each channel. 

1•1 

Figure 5.32 . River channels (After Petersen 1986) . 
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Figure 6.2. Placement of flow control structures relative to channel banks, crossing , and 
floodplain. Spurs, retards, dikes, and jack fields may be either upstream or 
downstream from the bridge (from Brice and Blodgett 1978). 

Spurs are also used to protect highway embankments that form the approaches to a bridge 
crossing . Often these highway embankments cut off the overbank flood flows causing these 
flows to run parallel to the embankment enroute to the bridge opening . Spurs constructed 
perpendicular to the highway embankment keep the potentially erosive current away from the 
embankment, thus protecting it. Spurs as used in this report encompass the terms dikes, 
jetties, and groins, which are also used to describe these structures. 

Spurs are also used to channel ize a wide, poorly defined stream into a well-defined channel 
that neither aggrades nor degrades, thus maintaining its location from year to year. Spurs on 
streams with suspended sediment discharge can cause deposition to establish and maintain 
the new alignment. The use of spurs in this instance may decrease the length necessary for 
the bridge opening and may make a more suitable, stable channel approach to the bridge. 
This decreases the cost of the bridge structure. 

Recommendations for spur design from Brown (1985) are summarized in HEC-23 (Lagasse et 
al. 2001 ). The major considerations are: 

• 
• 
• 
• 
• 
• 
• 
• 

Extent of channel bank protection 
Spur length 
Spur spacing 
Spur angle/orientation 
Spur height 
Spur crest profile 
Channel bed and channel bank contact 
Spur head form 
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XO. Rant or Abse nt 

(a) Oxbow Lakes on Floodplain . 

M3. Scrolls Coneontric, M2. Scrolls Fo;m,Mottty MI. Scrolls Poorly~ MO. SerollsAb-t,FI<>od 
Rtqulot, Oo.tiY S~ ObsCVNII by V_..niool lrn9111ar, Bar- Liu Plain nos Broidld Pottom 

(b) Types of Meander Scroll Formations. 

LO. No Ltvns l l. l tvtll lolanly on 
eonc .... e .... k 

( c} Types of Natural Levee Formations . 

L2. L.-. W.ll O...loped 
on Botti Bonks 

Figure 5.12 . Classification of river channels (after Culbertson et al. 1967) . 
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Small Sediment Size Lore;! e 
Small Sediment Load Lorge 
Low Flow Velocity High 
Low Stream Power High 

Figure 5.13. Channel classification showing relative stability and types of hazards encountered 
with each pattern (after Shen et al. 1981). 

Additional approaches to stream channel classification including those by Brice (1975) , 
Schumm (1977 and 1981 ), Montgomery and Buffington (1 997) , and Rosgen (1994 and 1996) 
are introduced in HEC-20 (Lagasse et al. 2001 ). Further discussion of the opportunities and 
limitations related to using stream classification for river analysis, engineering and 
management can be found in Thorne (1997). 

The next sections provide a brief discussion concerning the nature and stability of straight, 
braided , and meandering channels. Each behaves in a slightly different way when subject to 
human-related or natural impacts. A knowledge of this behavior is important in anticipating and 
understanding stability problems . 
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5.4.2 Straight River Channels 

Straight river channels can be of two types. The first forms on a low-gradient valley slope, has 
a low width-depth ratio channel , and is relatively stable. The second type is a steep gradient, 
high width-depth ratio, high energy river that has many bars, and at low flow is braided . It is 
relatively active. The first type of straight channel may contain alternate bars (Figure 5.14), that 
result in a sinuous thalweg (flow path connecting deepest points in successive cross sections) 
within the straight channel. The braided channel , as discussed in detail later, has numerous 
bars and multiple thalwegs. 

Pool 

-- Hic;lh Flows 
----- LDw Flows 

Sectioo A-A Section C-C 

Section 0-D 

Figure 5.14. Planview and cross section of a meandering stream. 

5.4.3 Meandering River Channels 

Alluvial channels of all types deviate from a straight alignment. The thalweg oscillates 
transversely and initiates the formation of bends. In general , the river engineer concerned with 
channel stabilization should not attempt to develop straight channels fully protected with riprap. 
In a straight channel the alternate bars and the thalweg are continually changing; thus, the 
current is not uniformly distributed through the cross-section but is deflected toward one bank 
and then the other. Sloughing of the banks, nonuniform deposition of bed load caused by 
debris such as trees, and the Coriolis force due to the earth's rotation have been cited as 
causes for meandering of streams. When the current is directed toward a bank, the bank is 
eroded in the area of impingement and the current is deflected and impinges upon the opposite 
bank further downstream. The angle of deflection of the thalweg is affected by the curvature 
formed in the eroding bank and the lateral depth of erosion . 
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presents several examples of landform evolution , including the long-term cycle of erosion and 
evolution of incised stream channels. 

In the context of a rivers age, the process of channel rejuvenation refers to an increase in 
erosional activities in mature or old channels caused by lowering base level elevation, tectonic 
activities or other causes. Rejuvenated mature or old channels then exhibit some properties of 
youthful channels such as channel incision and erosion processes. 

5.2.2 Floodplain and Delta Formations 

Over time, the highlands of an area are worn down. The streams erode their banks. The 
material that is eroded is utilized downstream to build banks and bars to further enhance the 
meandering process. Streams move laterally pushing the highlands back. Low flat valley land 
and floodplains are formed. As the streams transport sediment to areas of flatter slopes, and 
in particular to bodies of water where the velocity and turbulence are too small to sustain the 
transport of the material , the material is deposited forming deltas. As deltas build outward the 
up-river portion of the channel is elevated through deposition and becomes part of the 
floodplain . Also , the stream channel is lengthened and the slope is further reduced. The 
upstream river bed is filled in and average flood elevations are increased . As they work across 
the river valley, these processes cause the total floodplain to raise in elevation. Hence, even 
old streams are far from static. Old rivers meander, are affected by changes in sea level, are 
influenced by movements of the earth's crust, are changed by delta formations or glaciation, 
and are subject to modifications due to climatological changes and as a consequence of 
human development. 

5.2.3 Alluvial Fans 

Alluvial fans are very dynamic landforms that can create significant hazards to highways as a 
result of floods , debris flows, deposition, channel incision, and avulsion (Schumm and Lagasse 
1998). They occur whenever there is a change from a steep to a flat gradient. As the bed 
material and water reaches the flatter section of the stream, the coarser bed materials can no 
longer be transported because of the sudden reduction in both slope and velocity. 
Consequently, a cone or fan builds out as the material is dropped. There is considerable 
similarity between a delta and an alluvial fan . Both result from reductions in slope and velocity 
and both tend to reduce upstream slopes. Alluvial fans, like deltas, are characterized by 
unstable channel geometries and rapid lateral movement. An action very similar to the delta 
develops where a steep tributary enters a main channel. The steep channel tends to drop part 
of its sediment load in the main channel building out into the main stream. In some instances, 
the main stream can be forced to make drastic changes at the time of major floods by the 
stream's tributaries . 

Fans can be of two types , dry or mudflow fans formed by ephemeral streamflow, and wet or 
fluvial fans formed by perennial stream flow. Two different conditions of fan morphology are 
observed on modern dry fans. The first situation occurs when deposition is near the mountain 
front and the fan surface is undissected. The second situation occurs when sed iment material 
is moved through a fan-head trench and deposition occurs at the toe of the fan. Good 
relationships exist between fan area and drainage basin area (Schumm 1977). These 
relationships among fan slope, area, and drainage basin characteristics are not surprising. The 
presence of fan-head trenches , however, is sometimes attributed to tecton ic activity or climate 
change. 
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The longitudinal profile of fans may be concave. Two types of concavity are recognized. The 
first is due to intermittent uplift of the mountains which gradually steepens the fan head. The 
other case is due to trenching and the building out of a low flatter reach of recent alluvium at 
the toe of the fan. Normally the coarsest material is found at the fan apex, although fan-head 
trenching might result in a slight increase in sediment size with the fan radius. 

Fluvial (wet) fans can become very large, which contrasts with dry fans. The almost random 
distribution of erosion and deposition patterns on the arid fan is often replaced by a 
progressively shifting channel. Lateral migration of streams on fluvial fans can be anticipated 
by the concavity of the contours (i.e., topographic lows or swales). New orientation of a river 
channel is also an equally possible shifting process. 

The potentia l for avulsion , deposition , and channel blockage and channel incision are 
important for highway design. To minimize these impacts on highways, a reconnaissance of 
the fan and its drainage should be undertaken so that potential changes can be identified 
and countermeasures taken. The ideal result of any study of alluvial fans is a geomorphic 
map delineating active and inactive portions of the fan and the identification of problem sites 
within the active portions of the fan. For example, local aggradation in a channel can lead to 
avulsion because avulsion is likely to occur in places where deposition has raised the floor of 
the channel to a level that is nearly as high as the surrounding fan surface. This condition 
can be identified in the field by observation or by the surveying of cross-fan profiles 
(Schumm and Lagasse 1998). 

Experimental studies show that growth at the fan-head is intermittent, being interrupted by 
periods of incision , sediment reworking and downfan distribution of sediment. The greatest 
variation in sediment yield is related to fan-head trenching and aggradation . Geomorphic 
thresholds controlling fan growth are sketched in Figure 5.1 (see also Section 5.2.5). 
Threshold concepts must be considered when evaluating fan-related hazards to highways. 
For example, identification of re latively recent debris flow deposits, which suggests very high 
sediment delivery from the drainage basin may, in fact, be an indication of future stability. 
That is, stored sediment has been flushed from the drainage basin, and it may be a very 
long time before sufficient sediment accumulates again to produce debris flows even under 
extreme rainfall . This situation has been documented along the Wasatch Mountain front 
north of Salt Lake City (Keaton 1995; Lowe 1993), where drainage basins that produced 
debris flows in 1983 do not contain sufficient stored sediment to produce debris flows at 
present. Therefore, not only the fan itself, but its drainage basin requires investigation. 

5.2.4 Nickpoint Migration and Headcutting 

Abrupt changes in the longitudinal profile of the stream are shown in Figure 5.2. This break in 
the profile induces a perturbation moving upstream, especially during floods . Above and below 
the profile break the river may be stable. As the perturbation migrates past a point, a dramatic 
change in channel morphology and stability occurs. These perturbations are of two types: the 
first is a sharp break in profile which forms an in-channel scarp called a headcut (Figure 5.2a), 
and the second , called a nickpoint, has a gradual change in elevation over a greater length of 
channel , but still represents an oversteepened reach with respect to the overall channel slope 
(Figure 5.2b) . 
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5.4.2 Straight River Channels 

Straight river channels can be of two types. The first forms on a low-gradient valley slope, has 
a low width-depth ratio channel , and is relatively stable. The second type is a steep gradient, 
high width-depth ratio, high energy river that has many bars, and at low flow is braided. It is 
relatively active. The first type of straight channel may contain alternate bars (Figure 5.14 ), that 
result in a sinuous thalweg (flow path connecting deepest points in successive cross sections) 
within the straight channel. The braided channel , as discussed in detail later, has numerous 
bars and multiple thalwegs. 

Pool 

-- Hi9h Flows 
-----Low Flows 

Bor 
Sect i ot~ A-A Sect ion C-C 

Section 0-D 

Figure 5.14. Planview and cross section of a meandering stream. 

5.4.3 Meandering River Channels 

Alluvial channels of all types deviate from a straight al ignment. The thalweg oscillates 
transversely and initiates the formation of bends. In general , the river eng ineer concerned with 
channel stabilization should not attempt to develop straight channels fully protected with riprap. 
In a straight channel the alternate bars and the thalweg are continually changing; thus, the 
current is not uniformly distributed through the cross-section but is deflected toward one bank 
and then the other. Sloughing of the banks, nonuniform deposition of bed load caused by 
debris such as trees, and the Coriolis force due to the earth's rotation have been cited as 
causes for meandering of streams. When the current is directed toward a bank, the bank is 
eroded in the area of impingement and the current is deflected and impinges upon the opposite 
bank further downstream. The angle of deflection of the thalweg is affected by the curvature 
formed in the eroding bank and the lateral depth of erosion . 
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The meandering river consists of pools and crossings (Figure 5.14). The thalweg , or main 
current of the channel , flows from the pool through the crossing to the next pool forming the 
typical S-curve. In the pools, the channel cross-section is somewhat triangular. Point bars 
form on the inside of the bends. In the crossings, the channel cross-section is more 
rectangular and depths are smaller. At low flows, local slope is steeper and velocities are 
larger in the crossing than in the pool. At low stages, thalweg is located very close to the 
outside of the bend. At higher stages, thalweg tends to straighten , that is, thalweg moves away 
from the outside of the bend encroaching on the point bar to some degree. In the extreme 
case, the shifting of the current causes chute channels to develop across the point bar at high 
stages. In Figure 5.14, one can observe the position of the thalweg , the location of the point 
bars, alternate bars and the location of the pools and crossings. Note that in the crossing the 
channel is shallow compared to pools and the banks may be more subject to erosion. 

Figure 5.14 illustrates the change in water surface profile from low to high water discharge. At 
low flow the water surface slope is steep in the crossing and flatter in the pool. The reverse is 
true at higher discharges. At higher discharges the thalweg straightens, shortening the path of 
travel and increasing the local friction slope. In the extreme case, river slope approaches the 
valley slope at flood stage. It is during high floods that the flow often cuts across the point 
bars, developing chute channels and a steeper channel prevails under this condition. 

In general , bends are formed by the process of erosion and deposition . Erosion without 
deposition to assist in bend formation would result only in scalloped banks. Under these 
conditions the channel would simply widen until it becomes so large that the erosion would 
terminate. The material eroded from the bank is normally deposited over a period of time on 
the point bars that are formed downstream. The point bars constrict the bend and enable 
erosion in the bend to continue, accounting for the lateral and longitudinal migration of the 
meandering stream. Erosion is greatest across the channel from the point bar. As the point 
bars build out from the downstream sides of the bars, the bends gradually migrate down the 
valley. The point bars formed in the bendways clearly define the direction of flow. The bar is 
generally streamlined and its largest portion is oriented downstream. If there is very rapid 
caving in the bendways upstream, the sediment load may be sufficiently large to cause middle 
bars to form in the crossing. 

As a meandering river system moves laterally and longitudinally, the meander limbs move at an 
unequal rate because of the unequal erodibility of the banks. This causes the channel to 
appear as a bulb form, generally skewed in a downvalley direction. The channel geometry 
depends upon the local slope , the bank material , and the geometry of the adjacent bends. 
Over time the local steep slope caused by the cutoff is distributed both upstream and 
downstream. Years may be required before a configuration characteristic of average 
conditions in the river is attained. 

When a cutoff occurs, an oxbow lake is formed (Figure 5.12a). Oxbow lakes may persist for 
long periods of time before filling . Usually the upstream end of the lake fills quickly to bank 
height. Overflow during floods carries fine materials into the oxbow lake area. The lower end 
of the oxbow remains open and the drainage and overland flow entering the system can flow 
out from the lower end. The oxbow gradually fills with fine si lts and clays. Fine material that 
ultimately fills the bendway is plastic and cohesive. As the river channel meanders it 
encounters old bendways filled with cohesive materials (referred to as clay plugs). These plugs 
are sufficiently resistant to erosion to serve as semipermanent geologic controls and can 
drastically affect river geometry. The variability of bank materials, and the fact that the river 
encounters such features as clay plugs, cause a wide variety of river forms in a meandering 
river . 
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In summary, a meandering river has regular inflections that are sinuous in plan. It consists of a 
series of bends connected by crossings. In the bends, deep pools are carved adjacent to the 
concave bank by the relatively high velocities. Because velocities are lower on the inside of the 
bend , sediments are deposited in this region , forming a point bar. The centrifugal force in the 
bend causes a transverse water surface slope, and in many cases, helicoidal flow occurs in 
the bend. Point bar building is enhanced when large transverse velocities occur. In so doing , 
they sweep the heavier concentrations of bed load toward the convex bank where they are 
deposited to form the point bar. Some transverse currents have a magnitude of about 15 
percent of the average channel velocity. The bends are connected by crossings (short straight 
reaches) which are quite shallow compared to the pools in the bendways. Much of the 
sediment eroded from the outside bank is deposited in the crossing and on the point bar in the 
next bend downstream. At low flow, large sandbars form in the crossings if the channel is not 
well confined . 

The scour in the bend causes the bend to migrate laterally and sometimes downstream. 
Lateral movements as large as 760 m (2,500 ft) per year have been observed in alluvial rivers . 
The meander belt formed by a meandering river is often fifteen to twenty times the channel 
width. When compared to most braided rivers, meandering rivers have relatively flat slopes. 

The geometry of meandering rivers is measured quantitatively in terms of: (1) meander 
wavelength A., (2) meander width Wm, (3) mean radius of curvature rc, (4) meander amplitude 
A, and (5) bend deflection angle ~· These variables are shown in Figure 5.15. 

The actual meanders in natural rivers are obviously not as regular as indicated in Figure 5.15. 
The precise measurement of meander dimensions is therefore difficult in natural channels and 
tends to be subjective. An example on how to measure these characteristics is presented in 
Section 5.9 (Problem 1). The analysis of the mean meander dimension in nature shows that 
the meander length and meander width are both related to the width of the channels. The 
empirical relationships for the meander length A. and the bank-full channel width as well as the 
meander amplitude, A, and the bank-full channel width are shown in Figure 5.16 and Table 5.1. 

or Crassov•r 
,...-+--convex Bonk 

Concave Bank 

M•ander 
Width 

Wm 

Figure 5.15. Definition sketch for meanders. 
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Figure 5.16. Empirical relations for meander characteristics (Leopold et al. 1964). 

Table 5.1. Empirical Relations for Meanders in Alluvial Valleys. 

Meander Length to Amplitude to Meander Length to 
Channel Width Channel Width Radius of CuNature Source 

A. = 6.6Wo.99 A= 18.6W'99 - lnolis (1949) 
- A = 1 0.9W1.04 - lnqlis (1949) 

A. = 1 0.9W1
'
01 A= 2.7W1 10 A. = 4.7rco.9s Leopold and 

Wolman (1960) 

5.4.4 Braided River Channels 

A braided stream is one that consists of multiple and interlacing channels (Figures 5.11 and 
5.13) . One cause of braiding is the large quantity of bed load . Generally, the magnitude of the 
bed load is more important than its size. If the channel is overloaded with sediment, deposition 
occurs, the bed aggrades, and the slope of the channel increases in an effort to obtain a 
graded state. As the channel steepens, the velocity increases, and multiple channels develop. 
These interlaced multiple channels cause the overall channel system to widen . Multiple 
channels are generally formed as bars of sed iment are deposited within the main channel. 

Another cause of braiding is easily eroded banks. If the banks are easily eroded , the stream 
widens at high flow and forms bars at low flow which become stabilized , thus forming islands. 
In general , a braided channel has a relatively steep slope, a large bed-material load in 
comparison with its suspended load , and relatively small amounts of silts and clays in the bed 
and banks. Figure 5.17 will assist in defining the various conditions for multiple channel 
streams . 
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Braiding Due To Steep Slope 

Wrth Oegr11dation 

Braiding Due Braiding Due To Steep Slope 

To Stoop Slopo Wrth Approximate Equilbrium 

Braiding Duo To Stoep Slopo 

With Aggradabon 

Braiding Multiple 

Channel Streams 

Braiding Oue To Steep Slope 

With Aggradation 

Braiding Due Braiding Duo To Moderato 

To Aggradabon Slope With Aggradabon 

Multiple Channel Streams 
Braiding Due To Low Slopo 

Wrth Aggradation 

Land 0.1!3 Type 

Non.Sraiding Muttlp~ Channels 

Ordinary Delta Type 

Figure 5.17. Types of multi-channel streams. 

The braided stream may present difficulties for highway construction because it is unstable, 
changes its alignment rapidly, carries large quantities of sediment, is very wide and shallow 
even at flood flow and is, in general, unpredictable. 

5.4.5 River Conditions for Meandering and Braiding 

It can be shown that changes in water discharge, sediment discharge or both can cause 
significant changes in channel slope (see Section 5.5). The changes in sediment discharge 
can be in quantity, Os, or sediment size, Dso, or both. Often, such changes can alter the 
planview in addition to the profile of a river. 

According to Lane (1957), Figures 5.18a and b illustrate the dependence of sand bed river form 
on channel slope and discharge. They show that when: 

SQo.2s::; k (5.1) 

where: 

k = 0.0007 Sl 
k = 0.0017 English 

a sandbed channel meanders. Similarly, when : 

SQo.2s ;::: k (5 .2) 
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Figure 5.18a,b. Slope-discharge relationship for braiding or meandering in sandbed streams 
(after Lane 1957) (a= Sl units b =English units) . 
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where: 

k = 0.0041 Sl 
k = 0.010 English 

the sandbed river is braided. In these equations, S is the channel slope in m/m (ft/ft) and Q is 
the mean discharge in m3/s (ft3/s) . Between these values of S 0 °.025 is the transitional range. 
Many of the U.S. rivers, classified as intermediate sandbed streams, plot in this zone. If a river 
is meandering but its discharge and slope border on the transitional zone a relatively small 
increase in channel slope may cause it to change to a transitional or braided river. 

Leopold and Wolman (1960) plotted slope and discharge for a variety of natural streams. They 
observed that a line could separate meandering from braided streams (Figures 18a and b). 
The equation of this line is: 

80 o.44 = k 

where: 

S = Slope in m/m (ft/ft) 
Q = Bank-full discharge is m3/s (ft3/s) 
k = 0.0125 Sl 
k = 0.06 English 

(5.3) 

Streams classified as meandering by Leopold and Wolman are those whose sinuosity is 
greater than 1.5. Braided streams are those which have relatively stable alluvial islands and, 
therefore, two or more channels. Leopold and Wolman note that sediment size is related to 
slope and channel pattern , but they do not try to account for the effect of sediment size on the 
morphology of the streams. They further note that braided and meandering streams can be 
differentiated based on combinations of slope, discharge, and width/depth ratio , but regard the 
width as a variable dependent on mainly discharge. 

Leopold and Wolman recogn ize that their analysis treats only two of the many variables 
affecting morphology, therefore, they do not expect this method to apply in every condition . 
However, because the data were all taken from natural streams, and because the analysis 
obviously does indicate a significant relation between slope and discharge, the analysis should 
give a reasonably effective prediction of channel pattern if slope and discharge are known. 
Problem 1 in Section 5.9 gives an example of this type of prediction and Section 5.5.3 uses 
these concepts in an engineering geomorphic analysis. 

5.4.6 Hydraulic Geometry of Alluvial Channels 

Hydraulic geometry is a general term applied to alluvial channels to denote relationships 
between discharge Q and the channel morphology, hydraulics and sediment transport. 
Channels forming in their own sediments are called alluvial channels . In alluvial channels, the 
morphologic, hydraulic and sedimentation characteristics of the channel are determined by a 
large variety of factors. The mechanics of such factors are not fully understood. However, 
alluvial streams do exhibit some quantitative hydraulic geometry relations. In general , these 
relations apply to channels with in a physiographic region and can be obtained from data 
available on gaged rivers. It is understood that hydraulic geometry relations express the 
integral effect of all the hydrologic, meteorologic, and geologic variables in a drainage basin for 
in-bank flows . 
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Section 1400 
Development of Alluvial Fans 

INTRODUCTION 

By commonly accepted definition, an alluvial fan is a triangular or fan-shaped 
deposit of boulders, sand and fine sediment at the base of desert mountain 
slopes deposited by ephemeral (intermittent) streams as they debauch onto the 
valley floor (STONE, 1967). Alluvial fans are a common and dominant landscape 
feature in the Clark County area. The rather symmetric shape of the alluvial fan 
is attained through geologic time by the active flow channel migrating back and 
forth over the alluvial surface. All engineers designing facilities on alluvial fans for 
drainage and flood control should become familiar with the geologic and 
hydrologic processes by consulting one or more of the standard references. 
These references include, for example , FRENCH(1987) , COOKE and WARREN 
(1973) , or RACHOCKI (1981). It must be noted that most of the alluvial fans 
observed in the Clark County area will not have the idealized shape because over 
geologic time the fans have coalesced creating complex and poorly defined 
shapes. 

FEMA and others have recognized that definition of a floodplain ori an alluvial fan 
cannot be accurately accomplished by using traditional methods of floodplain 
analysis (i.e., HEC-2 (FRENCH, 1985 or HOGGAN, 1989)). Given the fact that 
hydraulic processes on active alluvial fans are quite different than those in humid 
regions, a probabilistic methodology for defining floodplains on active virgin 
(undeveloped) alluvial fans that recognizes the potential for the flow channel to 
change location during a single flood event has been developed. The original 
methodology is described in DAWDY (1979) , FEMA (1983), and FRENCH 
(1987) . As development in the Southwest proceeded, and the problem of 
flooding on active alluvial fans became a primary concern, additional data has 
become available; and the original methodology was modified to take these new 
data into account; (see for example FEMA (1985) or FRENCH (1987). 

The engineer is cautioned that the study of hydraulic processes on active alluvial 
fans is an area of current research interest. The methods available for addressing 
drainage problems on active alluvial fans at the time this manual was prepared 
should be considered initial or preliminary results , and rapid change in these 
methods must be anticipated. It is recommended that the engineer should 
examine the literature to determine the current state-of-the-art at the time of 
analysis . 

The engineer is further cautioned that while the methodology described in 
DAWDY (1979) , FEMA (1983 and 1985) and FRENCH (1987) appears 
straightforward, there are inherent subleties in these techniques that may not be 
initially recognized. The accurate application of these methods required --
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Section 1400- Development of Alluvial Fans 

experience in arid region hydrology, geology, and sound engineering judgment. 
A crucial consideration is the determination that the area of interest is an "active 
alluvial fan." The definition of an alluvial fan provided in the initial paragraphs of 
this section is a geomorphological rather than an engineering definition. The 
methodology discussed in this section is appropriate to all alluvial surfaces that 
exhibit hydraulic behavior similar to that on an active alluvial fan . In identifying 
areas where the alluvial fan approach discussed in the manual is appropriate , the 
engineer should examine the following criteria: 

1. Lack of Defined . Stable Channels: On an alluvial fan where the methodology 
discussed in this manual is appropriate, flow channels are neither well
defined nor stable. Both the area of interest and surrounding area should be 
examined to determine if (1) there are well-defined natural channels 
capable of conveying the 1 00-year flood with only minor modification in 
depth and width and (2) the channels identified are sufficiently incised to be 
stable during the 100 yearflowevent. FRENCH (1987) provides equations 
to estimate natural channel capacity. 

2. Surface SloRe: In general, the longitudinal slope of an alluvial fan should lie 
between 0.0087 and 0.1405 ft/ft . Lesser slopes may preclude alluvial fan 
behavior by flow events . 

3. Canyon/Fan SloRe Ratio: The ratio of the slope of the canyon above the fan 
to the slope ofthe fan has been found to be a key parameter in determining 
the number of channels that will be formed by an extreme event. Use of this 
ratio with the figures in FEMA (1985) and FRENCH (1987) allow the alluvial 
surface to be divided into single channel and multiple channel (not sheet 
flow) regions. 

4. URstream Sediment Production : It is generally believed that channels on 
alluvial fans change location either in response to massive deposition 
(channel blockage) orerosionthatcauses a breakthrough to topographically 
low areas on the alluvial surface. Thus, upstream sediment production is a 
parameter that should be examined . If the sediment available upstream is 
capable of satisfying the equilibrium sediment transport requirements and 
the channels are stable, then a probabilistic method of floodplain analysis 
may not be appropriate. 

5. Surficial Geology: The geology of the area of interest plays a crucial role in 
determining hydraulic behavior. For example , is the flow constrained by the 
geology such as outcrops of bedrock in the transverse direction or by 
caliche in the vertical dimension? 

6. Surface Stability: The methods discussed here are applicable to active 
alluvial surfaces and not all alluvial surfaces are active. If a surface is not 
active , then flood hazard is reduced . For example , within Clark Countythere 
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Section 1400- Development of Alluvial Fans 

are a number of alluvial surfaces that have been abandoned because of 
nearby channel incision; and these surfaces should not be considered 
active alluvial surfaces. 

If the site being investigated exhibits the characteristics noted above, then it may 
be an alluvial surface which should be analyzed with the techniques discussed in 
this section of the manual. Of the above, the problems of channel stability and 
surface stability are the most important in making a decis ion regarding the 
method of analysis. 

ANALYSIS REQUIREMENTS 

In preparation of the analysis for development on an alluvial fan , the following 
items must be addressed: 

1. Analysis to quantifythe design discharges and the volumes of water, debris , 
and sediment associated with the major storm at the apex of the fan under 
current watershed conditions and under potential adverse conditions (e.g ., 
deforestation of the watershed by fire). The potential for debris flow and 
sediment movement must be assessed considering the characteristics and 
availability of sediment in the drainage basin above the apex and on the 
alluvial fan . 

2. Analysis which demonstrates thatthe proposed facilities will accommodate 
the major storm peak discharge, consisting of the total volume of water, 
debris, and sediment previously determined as well as the associated 
hydrodynamic and hydrostatic forces. 

3. Analysis which demonstrates that the proposed facilities have been 
designed to withstand the potential erosion and scour forces . 

4. Analysis or evidence which demonstrates that the proposed facilities will 
provide protection against flows that migrate or suddenly move to the 
project site from other portions of the fan. 

5. Analysis which assesses the methods by which concentrated floodwater 
and the associated sediment load will be disposed of and the effect of 
those methods on adjacent properties. 

6. Analysis which demonstrates that flooding from local runoff, or sources 
other than the fan apex, will be insignificant or will otherwise be 
accommodated by appropriate flood control or drainage measures . 
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Section 1400- Development of Alluvial Fans 

Recently, FRENCH (1992) described a method to provide discharge estimate 
as a function of return period for drainage protection for developments crossing 
alluvial fans. The methodology is a modification of that used by FEMA to define 
floodplains on alluvial fans , and has been accepted by FEMA for such analyses 
in Clark County. 

PENINSULA DEVELOPMENT 

A common occurrence in the Clark County area is peninsula development up an 
alluvial fan (see Figure 1401 ). A typical and appropriate question that the 
developer of the peninsula is asked is the effect of the development on 
downstream property owners . If the developer passes the flood flow through the 
development in a manner that simulates undeveloped conditions, then flow is 
neither concentrated nor diverted . As with all other design alternatives, there 
would be an increase in the quantity of flow due to the development. Routing of 
flows along streets with junctions can be handled with traditional hydraulics. If the 
developer chooses to build a hydraulic structure that does not pass the flow 
through the development, then he has the obligation to analyze the effect of his 
development on downstream property owners. (See Figure 1402). 

It is recommended that peninsula development that does not pass flood flows 
through the development such as that shown in Figure 1402 treat the 
development as a reduction in fan arc width . An example of an analysis 
appropriate to this problem is presented in Section 1406. 

Finally, the engineer is reminded that even though down fan developments may 
be outside the currently defined alluvial fan flood hazard zone, large 
developments can modify the flood plain boundaries. That is , size of the 
development may become a factor. For examples , see Miffl in (1988) , French 
(1987) and the example given in Section 1406. 

ADDITIONAL CONSIDERATIONS 

The existing FIRM's, in general , estimate the extent of floodplains under 
conditions existing at the time of analysis . 

The engineer must recognize and take into consideration that the development 
of areas on alluvial fans- even minor development such as streets and culverts -
can have a very significant and crucial impact on drainage patterns . The engineer 
must ensure that all drainage systems match. 

Sediment transport on alluvial fans is a crucial concern to both CCRFCD and 
FEMA. The analysis of the effects of sediment transport is to a large degree 
more of an art than a science. The engineer must consider in a reasonable 
fashion sediment transport. The engineer must realize that in unl ined channels 
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Section 1400- Development of Alluvial Fans 

there is an equilibrium sediment load . If the actual sediment load transported 
exceeds the equilibrium load, then deposition occurs. However, if the sediment 
load is less than the equilibrium load, erosion will occur. 

ALLUVIAL FAN FLOOD PROTECTION MEASURES 

Three general approaches may be taken to flood management on alluvial fans . 
They are based on size and density of the planned development. The approaches 
are: 

1. Whole Fan Protection 
2. Subdivision or Localized Protection 
3. Single Lot/Structure Protection 

Whole Fan Protection 

Whole fan protection can be achieved by utilizing the following measures: 

1. Levees 
2. Channels 
3. Detention basins 
4 . Debris basins/fences/deflectors/dams 

Whole-fan protection includes large scale structural measures appropriate to use 
on extensively developed fans , and which are most cost effective in high density 
situations. Structures must be designed to interceptupstream watershed flow and 
debris at the apex and to transport water and sediment around the entire 
urbanized fan. Structures must be designed to withstand scour, erosion, sediment 
deposition , hydrostatic forces , impact and hydrodynamic forces , and high velocity 
flows. Continual maintenance is essential for optimal operation and can be costly. 
These structures are most often funded through federal and state sources, but 
can also be financed through special regional districts , local governments or 
developers. 

Subdivision or Localized Protection 

Individual subdivision or a localized development can be protected from flood 
hazards by utilizing the following measures: 

1. 
2. 
3. 
4. 
5. 
6 . 

Drop structures 
Debris fences 
Local dikes, channels 
Site plans to convey flow 
Street design to convey flow 
Elevation on armored fill 

Adopted August 12, 1999 HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 1405 



• 

• 

• 

1405.3 

1406 

1406.1 

1406.2 

Section 1400- Development of Alluvial Fans 

These are smaller scale measures that can be used throughout moderate density 
fans to safely trap debris and to route water and sediment around or through 
individual residential developments. 

Single Lot or Structure Protection 

A single lot or a structure can be protected from flood hazard by using the 
following protection measures: 

1. Elevate and properly design foundations 
2. Floodwalls and berms 
3. Reinforcement of uphill walls , windows and doors against debris impact 

These measures are most cost effective when implemented at low development 
densities. 

EXAMPLE APPLICATION 

Introduction 

The following example is provided to demonstrate basic problems and analysis 
for developments on alluvial fans and may not necessarily represent the best 
method of alluvial fan analysis for all situations. For all submittals to FEMA for 
conditional or final Letters of Map Amendment or Revision, the engineer must 
analyze alluvial fans with a method acceptable to FEMA. The CCRFCD and the 
local entities do not guarantee that the analysis and information presented in this 
example is acceptable to FEMA. 

Example Development 

In Figure 1403,atypicalvirgin(undeveloped)alluvialfanwith FEMA flood hazard 
zones is delineated. In Figure 1404, an example proposed development on this 
typical virgin fan is shown. With regard to the proposed development on the 
alluvial fan (Figure 1404), the following should be noted: 

1. The proposed development is within the 1 00-year floodplain defined by 
FEMA. It has been previously decided that potential flood flows will not 
be passed through the development. 

2. The northern boundary of the proposed development, line M', will consist 
of a street and floodwall. The street!floodwall system will be designed 
such that all flows impinging on M' will be discharged at point A. Given 
the size of this development relative to the width of the alluvial fan , the 
method of Mifflin ( 1988) should be considered in designing the floodwall . 
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Figure 12. forms of Bed Ro_u~hness in Sand Channels _ 
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engin~e~ng equations will be given along with example problems for obtaining values for these variables. 

• . 4.3.1 Manniilg'S Equation for Mean Velocity and Discharg·e ./ • 

Water flows in a sloping drainage ·channel because of the force of gravity. The flow is resisted by the 
'· friction between the water 'and wetted sUrface of the channei. The quantity of water flowing (Q), the 

_ ~_depth of flow (y), _and ~e velocity.of flow (V). depend upon the .channel shape, roughness. (n), and 
slope (S0). V ari()us-~_quations have been· d~vised to determine the velocity and discharge in open 

· channels. A useful equation is the one th·at is named for Robert Manning, an" Irish engineer. The 
metric form of Manning's equation for the velocity of flow in open channels is: 

v:= 2R2-l~s-112~ , 
- n ,... .- . ~ -

... ; 

.(i3) ' 
r r . 

! --._ T 

where : "' .~ 

~--· 
~ !' 

V =Mean velocity, rn!s 
n = Manning's coefijcien~ of channel.~oughness : 

~ ·. 
· . R ·= Hydraulic radius, m '-"· ' · ·• .,. ..: -... .. ., ... .; 

·-:.· . 
" • J. ':" • S = .Energy ~lope, mlm 

. . . For steady uniform flow S = S0. 
:·: .... ' 

Over many decades, a catalog of values of Manning's n has been assembled so that an engineer can 
~ . estimate the appr~priate va,lue by knowing fu.e general Q.ature Qf th~ channel boupdarj.es. An 

· -~ abbrevia.ted list 9f'Manning's roughness coefficient~ is given in Table.12. Values for &:~dged and _. 
- .. I' - ,. ~ • - - :J .. • 

• 
. lined channels are given by references 17 and 11. For steeper strearns; the reader is referred to - -
reference 18. A pictorial guide for assisting with value selecti~n- is given oy reference 13 in' the 
_Additional Refer~nce listing. 
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kind of vegetation, its density, its continuity along the banks, and its s·tage 
· of growth : Quantification of · these variables ·would obviously be ~omplicated. 

A ·simplified scheme for expressing the extent of tree growth alo·ng the bankline 
is given in figure ·26. For a gfven reach, the percent of bankline (along both 
banks) occupied by trees is estimated from an aerial · photograph, and . the reach 
is placed in one of three categories according to this percentage. 

An historical example sh0wing the drastic effects of destruction of vege
tation ·along a stream in a semi-arid region ·is given by Schumm (1971, P.· 4-6). 
Before 1914, the Cimarron River in southwestern Kansas was highly sinuous and 
its channel was narrow and deep. A major flood occurred in 1914. Between 
1914 and 1939, the channel widt~ increased from an average value of 50 ft 
(15m) to 1,200 ft (366m), braiding occurred, and a wandering thalweg devel-

· oped. These changes are related to destruction of natural vegetation by the 
flood, by drought, and by man. Between 1942 and 1951, rainfall was above 
average and M major floods occurred. With the restoration of· vegetation~ :the 
average width of the channel decreased from 1,200 ft (366m) to 500ft (152m). 

ALLUVIAL STREAM TYPES 

The large number of str.eam· properties are combined in various ways in 
individual streams, no two of which are identical. However, certain associa
tions of properties tend to recur, and those associations that recur most often 
represent a stream type. · For engineering purposes, five alluvial stream types 
are distinguished. Most rivers and large creeks can be considered as belong
ing to· one or another of these types. Very small streams tend to be erratic 
in their properties and may be difficult to classify, probably because of the 
pronounced effect of vegetation on their development. · Bedrock plays a similar 
role in the development of non-alluvial streams. Each alluvial stream type 
is named below according to the ·properties most critical for its recognition, 
and its .typical association of properties is given. 

-Type A: Equiwidth, Point-bar Stream 

Bars--Point bars only, lateral bars rare. Not braided. Point bars mostly 
covered with permanent vegetation, but narrow crescents of bare sediment may 
be visible at normal stage. If markings are visible on point bars, these tend 
to be concentric scrolls. 

Sinuosity--A given reach may be straight, sinuous, meandering, or highly 
meandering·. 

Other properties--Cut banks rare, banks tend to be well vegetated. Natu
ral meander cutoffs areat neck, leaving crescentic oxbow lakes· on flood plain. 

Engineering significance--Most laterally stable of all stream types, but 
meanders gradually migrate. With much clearing of vegetation along c-hannel, 
stability may quickly deteri.orate; cu·t banks are an early indication of this. 

·· Rate of bedload transport, . probably small in relation to suspended . load . 
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Figure 28. Sequential aerial photographs of 

stream, Hatchee River near Stanton, Tenn. 
April 26, 1938; B, Photograph on May 20, 
of Agriculture.} 
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Examples--Equiwidth streams adequately illustrated by an ·aerial photo
graph or map in Vols·. II and III are as follows: North Branch Susquehanna 
River, Pa. (Site 35); Bowie ·River, Miss. {Site ·53); Leaf River, Misi. (Site 
209); Noxubee River, Miss. (Site 217); Yazoo and Jallahatchie Rivers, Miss. 
(Site 218); Beaver River, Saskatchewan (Site 257); Qu'Appelle River, Saskatch-
wan (Site _260). · 

The Hatchee River in Tennessee has characteristics typical of an equi
width stream on a forested flood plain, and evidence of latera l stability is 
provided by sequential aerial photographs (fig. "28). The reach shown is me
andering as a whole, but shorter reaches that may be considered for a cross
ing site are straight, sinuo"us, or highly meandering. Most po i nt bars are 
permanently vegetated with dense hardwood forest that covers the flood plain, 
but a· few unvegetated crescents can be seen. The curved oxbow lakes on the 
flo.od plain indicate, · by their shape, that natural meander cutoffs are of the 
nec k type. Little change in the ·position of the channel took place during 
the 28-yr period between the photographs. Note that clearing of the forest 
during this period has encroached on the channel, and further clearing (which 
has subsequently occurred) will lead to a deterioration of lateral stability. 

Type B: Wide-bend, Point-bar Stream 

Bars--Point" bars mainly, but may have a few lateral bars and be locally 
braid~ Unvegetated point bars are of average width or wider. Markings on 
point bars, if visible, tend to be concentric . 

Sinuosity--A given reach .may be straight, sinuous, or meandering. · 

Other properties--Cut banks local or general, depending on degree of sta
bility. · Natural meander cutoffs are of neck or chute type. 

·Engineering significance--Potentially high rate of lateral migration at 
bends. Straight reaches may remain stable for decades. Substantial transport 
of bed materi.al, either sand or gravel. Most rivers i.n the U.S. are of this 
type. 

Examples--Wide-bend, point-bar streams adequately illustrated by an aerial 
photograph or map in Vols. II and III are as. follows: Musselshell River, Mont. 
(Site 101); Trinity River, Tex. (Site 130); Brazos River, Tex. (Sites 131 and 
283); Red River, Ark. (Site 170}; Grand River, S. Oak. (Site 175); Marias River, 
l~ont. (Site 234); Elkhorn River, Nebr. (Site 240); Leaf River, Miss. (Site 207); 
Buffalo River, Miss. (Site 281). 

The Pearl River in Mississippi has characteristics typica·l of a wide-bend 
point-bar stream on a forested flood plain, and late~al migration can be dis
cerned ·by comparison of sequential aerial photographs (fig. 29). The meander 
loops of the Pearl are unusual in their regularity and unifonnity of size, but 
there are some short ·straight reaches between loops. Exposed point bars, which 
appear lighter in tone, are wider on the 1969 photograph because the river 
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Figure 29. Sequential aerial photographs of a wide-bend point-bar 

stream, Pearl River near Bogalusa, Miss. A, Photograph on 
April 2, 1942; B, Photograph on Dec. 17, 1969. (From U.S. Dept. 
of Agriculture.) 
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stage is lower. Cut banks opposite the point bars are discernible. The maxi
mum amount .of bank recession, at the outside of bends, was about 170ft (52 m) 
during the 27-yr period between photographs. Such a rate is considered low to 
moderat~ for a stream of this size. Average discharge is about 8,900 ft3js 
(252 m3Js). · Oxbow lakes on the forested flood plain indicate that natural 
meander cutoffs are of the neck type. · 

'The White River in Indiana (fig. 30) is an example of a wide-bend 
point-bar stream on a· flood plain, fonnerly forested, that has been mostly 
cleared 'for agricultural purposes; Point bars on the White River appear wi
der on the 1966 photograph because of the low flow which is well below nor
mal stage. On both photographs, exposed point bars are considered wide, 
especially when the parts sparsely covered with vegetation are included. Con
centric scrolls on the point bars are emphasized by the vegetation. On the 
1937 photograph, . old scrolls on the flood plain, marking the positions of old 
point ·bars, are visible because of favorable soil moisture conditions. The 
maximum amount of bank recession, at the outside of bends, is about 300 ft 
(91 m) for the 29-yr period, which is considered high for a stream of this 
size. Note the almost continuous cut banks at the outside of bends. Points 
a, b, c, .and dare reference points identifiable on both photographs. Note 
that the center meander, terminating near point b, has changed to a compound 
meander during the period between the photographs. Historical evidence in
dicates that the lateral .migration rate of the river has greatly increased 
since white settlement and clearing of the flood-plain forest ~ 

Type C: Braided, .Point-bar Stream 

Bars--Point bars, lateral bars, and mid-c hannel bars. Locally or gen
erally braided, but has a continuous thalweg. Thalweg sinuous or meandering, 
may be fairly stable in ·position or may wander, that is, shift d~astically 
in position during floods. Markings on .point bars tend to be irregular and 
no~ ·concentric. Bars may be of sand, grave 1, or cobbles . 

. Width variability--Random variation or wider at bends. 

Sinuosity--~ain channel (as distinguished from thalweg) is straight or 
sinuous, more rarely meandering. 

Other properties-~Cut banks general. Sand-bed streams of this type 
usually occur in regions of grassland, rather than forest. Natura 1 cutoffs, 
if they occur, are usually of chute type. 

Engineering significance --Potentially very high rate of lateral ero
sion. Rapid movement of thalweg may cause alinement problems and bypassing 
of bridge. Chute cutoffs of bends may occur rapidly and cause alinement 
problems. Potentially deep scour at thalweg, particularly if bed is silt or 
sand. Transport of bed load (sand, gravel, or cobbles) probably exceeds 
transport of suspended load . 
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Figure 30. Sequential aerial photographs of a wide-bend point-bar 
stream, White River at Edwardsport, Ind . A, Photograph on 
Sept. 20, 1937; B, Photograph on Oct. 7, 1966. (From . u.s. Dept. 
of Agriculture.) 
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Examples--:-Braided point-bar streams .adequately illustrated by an aerial 
photograph or . map in Vols. II and III are as follows: Deer Creek, Calif. 
{Site 16); Salinas River, Calif. {Site 73); Washita River, Okla. (Sites ' ll6 
and 120); Tazlina River, Alaska (Site 153); White River> S. Dak. {Site ]86); 
Mississippi River, tljo. (Site 228) . . 

The CilTillaron River in Oklahoma {fig.· 31) is a braided point-bin· ·stream 
that had a· high degree of lateral instability during the period 1936-67 : -The 
Cimarron has .erodible banks and is in a semi-arid grassland region;. ·this de
gree of 'instability is unlikely for streams · in forested regions. .In both 
photogr~phs of figure 31, the point bars are wide and; with lateral bars, form 
an almost continuous · strip of unvegetated or sparsely · vegetated ground ·alcing 
the thalweg. Markings on .the point bars are ·irregular and have a braided a$
pect. The thalweg is siriuous and braided, and it wanders with respect to the 
general trend of the main channel; its position changed drastically during the 
31-yr period between photographs. _Bank recession at the sharp bend .between 
points b and c on the 1967 photograph amounted to about 450 ft ( 137, m)' for the 
31-yr period, which is very high -for a . stream of thi's size. There is . no_ tree 
cover along the bankline, only grass ·. The small bridge on the Cimarron, ·about 
midway between points a and c on the 1937 photograph, was protected by a tim
ber pile -retard; the loss of the center span is apparently· due to scour at the 
piers rather than to lateral erosion . 
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Figure 31. Sequential aerial photographs of a braided point-bar 

stream, Cimarron River near Mocane, Okla. A, Photograph on . 
Oct. 15, 1936; B, Photograph on May 23, 1967. (From u.s. Dept . 
of Agriculture.) 
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The Arkansas River in Colorado (fig. 32), provides a good example of 
irregular braided markings characteristi~ of bars on braided point-bar streams. 
Note also the braided aspect of the channel .. The very angular bend to the 
right of the point bar is distorted because the stream encounters resistant. 
bedrock along its downstream bankline; and the highway beyond is protected by 
the· bedrock. At ~xtreme right, the US-71 bridge has lost a center span. No 
information on this failure was obtained, but it is apparently due to local 
or general scour at the piers. · 

The Middle ·Fork Koyukuk and the Hammond Rivers in ·Alaska are braided 
point-bar streams that are also anabranched, at the locality shown in figure 
33. Just· upstream from their confluence, both .rivers are crossed .by the 
Alaska pipeline (uppermost cleared strip) and the ·access road for the pipeline. 
Both. streams have coarse bed material '(gravel, cobbles) and steep channel 
slopes. · The countermeasures consist of embankment spurs and spur dikes. The 
emban.kment spurs range in length· from about 200 to 2,000 ft (60 to 600 m) .and 
are built of coarse sediment· from the flood plain. A typical spur is 45 ft 
(14m) wide at the base, 10ft (3 ·m) wide at the top, and rises at least 8ft 
(2.5 m) above the flood plain. The base is flanked by a wide launching apron 
of riprap and the head is round and heavily riprapped. The spur dikes are 
more nearly straight, with curved ends, than elli·ptical. In general, the 
countermeasure design is typical of that used in Alberta. Although the streams 
look very unstable, the rates of lateral erosion and thalweg shift tend to be 
slow. The number and size of the countermeasures represents a high degree of 
precaution, at great expense . 
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Figure 32 . Aerial photograph in 1955 of a braided point-bar stream, 
Arkansas River betwee n Rocky Ford and Ordway , Colo. (From 
Colorado Dept. of Highways . ) 

Figure 33 . Aerial pho tograph of braided point- bar streams that are 
also anabranched , Middle Fork Koyukuk and Hammond Rivers near 
Wiseman, Alaska . (From Air Photo Tech, July 12, 1977 . ) 
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Type D: Braided Stream, Without Point Bars 

Bars and islands--No point bars at bends in main channel. Many mid
channel and lateral bars, flow .may be complexly divided. Scatt ered small is
lands; or islands may be more numerous than bars. 

Width variability--Usually random variation, more rarely equiwidth or 
wider at bends. 

Sinuosity--Straight or sinuous. 

Other properties--Bankline tends to be irregularly scalloped, with cut 
banks at indentations. 

'· Engineering significance~-Channel tends to be wide and shallow, requires 
long b.ridge unless confined by suitable countenneasures. Lateral erosion 

·rates low to moderate, but point of erosion not predictable. Banks erodible, 
bankline at abutments requires protection. Braids shift at each high flow, 
and unexpected depth of scour may occur where braids join to form a deep 
channel. Load transported ·mainly as .bed load, either sand, gravel, or cqb
bl es. 

Examples--Braided streams adequately illustrated by an aerial photograph 
or map in Vols. II and III are as ·follows: Eel River, Ca·lif. (Site 17); Ca
nadian River, Okla. (Site 51); Bronco Creek, Ariz. (Site 54) ; Little Colo
rado River, Ariz . (Site 63); South Santiam River, Oreg. (Site 126); Red Deer 
River, Alberta (Site 150); Lowe River, Alaska (Site 154); Niobrara River, 
Nebr. (Site 243): North Platte River, Nebr. (Site 244); South Fork Powder 
River, Wyo. (Site 275). 

The Middle Loup River in Nebraska, at the locality shown in figure 34 
is classed as a braided stream without point bars, although irregular point 
bars are formed under some conditions of ·flow. In figure .34A, the Middle 
Loup resembles the Cimarron (fig. 31), but it is more distinct ly braided and 
much more laterally stable. The greater degree of braiding is attributed to 
a higher ratio of bedload to suspended load, although both are sand-bed 
stream$. The greater stability is attributed to a uniform discharge (severe 
floods are unknown on the Middle Loup) and to the greater degree of braiding, 
which tends to divide the· erosive power of the thalweg. Maximum bank re
cession :for the 12-yr per.iod is about 125ft (40 m) and this occured only at 
a few local places. At low flow (fig. 318) the thalweg is barely discernible. 
The small-scale meandering of individual braids occurs in sand-bed streams, 
but rarely in gravel-bed streams. The bars at bends in the thalweg (fig. 31A), 
which are irregular both in outline and i.n surface markings, are only margi na 1-
ly identifiable as point bars. 

The Delta River (fig 35) is a braided stream that transports large quan
tities of coarse bedload supplied by many glaciers in the surrounding mount
ains. It has no flood plain; the channel is bordered by steep valley sides . 
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Figure 34 . Sequen~ial aerial pho~ographs of . a braided s~ream, Middle 

Loup River at St . Paul, Nebr . A, Pho~ograph on May 27, 1957; 
B, Pho~ograph on Sep~ . 7 , 1969 . (From u .s . Dep~ . of Agricul~ure . ) 
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Figure 35. Sequential a~rial _ photographs of a braided stream and of 

alluvial fans, - Delta River near Black Rapids, Alaska. A, Photograph 
on August 26, 1949, (From U.S. Air Force); B, Photograph on 
Sept. 19, 1969, (From u .s. Bureau of Land Manage~ent.) 
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Where tributaries enter the channel, alluvial fans are built into the channel. 
The large alluvial fan at center ha? been built into the ~hanne·l by outwash 
from a glacier. Smaller fans on the opposite side of the valley are crossed 
by the Richardson Highway. These fans are like those in arid region mount
ains, and they present similar engineering problems. Channels on the lower 
part of the fans shift from time to time~ and crossings are usually placed 
near the apex of the fan. At ·many such crossings in Alaska, dikes are built 
to form a "V" upstream from the bridge abutments, and extending to either 
side of the tributary va.lley. 

The braiding of the Delta River is characteristic of streams transport
ing coarse bedload. There are · no point bars along the side of the channel, 
although transient point bars may be built within the channel by · a meandering 
braid , Note the shift of braids during the 20-yr period between photographs, 
and the scalloping of banks by the latera·l erosion ·of individual braids'.There 
is no highway: crossing on the Delta River~ but similar ·streams have been con
fined at a crossing by suitable countermeasures. 

Type E: Anabranched Stream 

Bars and islands--Flow is distinctly· divided into channels separated by 
large islands, which are usually covered with permanent vegetation. Anabranch
es are likely to be locally braided. Point bars are likely at bends in ana
branches. 

Width variability--Applies only to individual anabranches, which may be 
equiwidth, wide-b~nd, or. random. 

Sinuosity--Stream as a whole, as well as individual anabranches, may be 
straight, sinuous, or-meandering. 

Engineering significance--A long bridge is required unless the stream 
is crossed at a local point where it is not anabranched. If there .are two or 
more anabranches at a crossing site, suitable -countermeasures will permit de
sign of a shorter bridge. If two bridges are used, percent of total flow at 
each bridge may not be predictable. Stability of anabranches differs great
ly on -different streams, a·nd should be assessed as though an anabranch were 
an individual stream. 

Examples-·-Anabranched streams adequately illustrated by an aerial photo
graph or map in Vols. II and III are as follows: Stony Creek, Calif. (Site 7); 
Snake River, Idaho (Site 40);· Klickitat River; Wash. (Site _l38); Red .Deer River, 
Alberta (Site 151); Oldman River, Alberta (Site 152); North Fork Chena River, · 
Alaska (Site 157); Cossatot River,' Ark. (Sites 162 and 163). 

The ··Yellowstone River (fig. 36) at Billings is an anabranched gravel-bed 
stream. The flow is divided from place to place by large vegetated islands, 
and the anabranches tend to meander. The anabranching habit of this stream is 
attributed partly to ice jams, which form in a main channel and divert flow 
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Figure 36. Sequential. aerial photographs of an unstable anabranched 

stream, Yellowstone River at Billings, Mont. A, Photograph on 
Aug . 29, 1940 (From u.s . Dept. of Agriculture); B, Photograph on 
Aug . 27, 1969 (From U.S . Geological Survey.) 
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into side channels. Individual anabranches resemble wide-bend point-bar 
streams or braided point-bar streams, and they tend to have a rapid rate of 
lateral ·migrat.ion. ·Bank recession for the 19-yr period was about 300 ft 
(91 m) at the left bank between points a and b, which are identifiable on 
both photographs. The opposite anabranch, near point c, eroded laterally 
by about 950 ft (290 m) at the prominent bend shown in figure 36B. Thi·s is 3 a very rapid rate for a river of this size (average discharge about 6,500 ft /s 
(184 m3js). . . 

In figure 368, the .SR-416 crossing of the Yellowstone · is visible at right 
of center. This crossing was not included in the present study, but it is ap
parent that a large meander loop was cut off to improve flow alinement, and 
the right bank upstream ·and ·downstream from the bridge· is revetted. 

Relat1ons Between the Major Stream Types 

Probable relations between the stream types are $hown in figure 37. In 
the sequence of types A through D, the point bars first become wider, then de
teriorate as the stream becomes braided and the thalweg less distinct, and 
finally disappear as the thalweg becomes braided and discontinuous. Genetic 
factors involved in the change from one channel type to the next are also 
shown in figure 37 . . Anabranched streams may fall at different places in this 
sequence, depending on how the anabranching originates. For example, equi
width streams may anabranch on a delta or deltaic plain; and braided streams 
may become anabranched in a downstream direction because of a change in valley 
slope or in sediment load. · 

A~ 
EQUIWIDTH 
POINT-BAR 

STREAM 

B. 
WIDE-BEND 
POINT-BAR 

STREAM 

E. 

C. 
BRAIDED 

POINT-BAR 
STREAM 

ANABRANCHED STREAM 

Increase in channel width relative to discharge 
Increase in valley slope relative to discharge 
Increase in ratio of bedload to suspended load 
Decrease in bank resistance relative to discharge 
Decrease in sinuosity ---• 

D. 
BRAIDED 
STREAM, 

NO POINT BARS 

Figure 37 . Probable relations b e tween the major stre am t ypes. 
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STATE OF ARIZONA 
DEPARTMENT OF WATER RESOURCES 

ENGINEERING DIVISION 

State Standard 

for 

Supercritical Flow 

Under authority of ARS 45-3605(a) , the Director of the Arizona Department of Water 
Resources establishes the following standard for delineation of floodways in riverine 
environments with supercritical flow in Arizona: 

Floodway limits on streams in Arizona which have supercritical flow, for use in fulfilling 
the requirements of Flood Insurance Studies, and local community and county flood 
damage prevention ordinances will be detennined using the guidelines outlined in State 
Standard Attachment 3-94 entitled "Floodway Modeling Standards for Supercritical Flow" 
or by an alternative procedure reviewed and accepted by the Director. 

For the purpose of application of these guidelines, supercritical floodway modeling 
standards will apply to all watercourses identified by the Federal Emergency Management 
Agency as part of the National Flood Insurance Program, all watercourses which have been 
identified by a local floodplain administrator as having significant potential flood hazards 
and all watercourses with drainage areas more than 1/4 square mile or a 100-year estimated 
flow of more than 500 cubic feet per second. Application of these guidelines will not be 
necessary if the local community or county has in effect a drainage, grading or stormwater 
ordinance which, in the opinion of the Department, results in the same or greater level of 
flood protection as application of these guidelines would ensure. 

This requirement is effective December 1, 1994. Copies of this State Standard and State 
Standard Attachment 3-94 can be obtained by contacting the Department's Engineering 
Division at (602) 417-2445. 

STATE STANDARD 3-94 NOVEMBER 1994 
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STATE OF ARIZONA 
DEPARTMENT OF WATER RESOURCES 

ENGINEERING DIVISION 

Floodway Modeling Standards 

for 

Supercritical Flow 

500 North 3rd Street 
Phoenix, Arizona 85004 

(602) 417-2445 

STATE STANDARD ATIACHMENT 
SSA 3-94 NOVEMBER 1994 
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Disclaimer of Liability 

The methods contained in this publication are intended to be a reasonable way of setting 
minimum floodplain management requirements where bener data or methods do not exist. 
As in all technical methods, engineering judgement and good common sense must be 
applied and the methods rejected where they obviously do not offer a reasonable solution. 

It must be recognized that while the criteria established herein will generally reduce flood 
damages to new and existing development, there will continue to be flood damages in 
Arizona. Where future-condition hydrology (which considers the cumulative effects of 
development) is not used, future development will probably increase downstream runoff 
which may result in flooding. Unlikely or unpredictable events such as earthquakes or 
dam failures may also cause extreme flooding. 

The Arizona Department of Water Resources is not responsible for the application of the 
methods outlined in this publication and accepts no liability for their use. Sound 
engineering judgement is recommended in all cases. 

The Arizona Department of Water Resources reserves the right to modify , update or 
otherwise revise this document and its methodologies. Questions regarding information or 
methodologies contained in this document and/or floodplain management should be 
directed to the local floodplain administrator or the office below: 

Engineering Division 
Arizona Department of Water Resources 
500 North 3rd Street 
Phoenix, Arizona 85004 

Phone: 
FAX: 

SSA 3-94 

(602) 417-2445 
(602) 417-2401 

November 1994 
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Introduction 

The National Flood Insurance Program (NFIP) regulations define a floodway as the 
floodplain area that must be reserved to discharge the base (100-year) flood without 
increasing the water surface elevation by more than one foot. This NFIP criterion 
assumes that streams flow at subcritical1 depth, such that a decrease in floodplain width 
results in an increase in the flood water surface elevation. However, in high-velocity 
streams flowing at or below critical depth, a decrease in floodplain width may result in a 
decrease in water surface elevation. Therefore, the hydraulics of floodway determination 
for streams with high velocity flow is more complex. 

In Arizona, many streams flow near or below critical depth. Steep, bedrock streams may 
be supercritical at flood stages. Many alluvial streams flow at or near critical depth. 
Application of subcritical floodway modeling standards to supercritical or near-critical 
flow may result in unacceptable increases in flow velocity or unsafe encroachment, and 
may expose future and existing development to excessive flood hazard. 

The Arizona Department of Water Resources (ADWR) has established guidelines to be 
used when modeling floodways for supercriti.cal or near critical flow in Arizona. 
Accurate floodway delineation for supercritical flow requires special procedures. This 
document describes the guidelines for modeling types of supercriti.cal floodways for Flood 
Insurance Studies and floodplain management. In addition, special cases of supercritical 
flow are described and illustrated in example applications of the guidelines . 

When to Apply Guidelines 

The guidelines described in this document are to be used for all detailed Flood Insurance 
Studies and floodplain management applications on streams with supercritical flow in the 
State of Arizona. These guidelines for supercritical floodway modeling should be applied 
to streams or stream reaches2 which meet any of the following criteria: 

• A subcritical HEC-2 model of the stream (non-floodway run) defaults to 
critical depth3 at three consecutive cross sections , or at 40 percent or more 
of the cross sections in a reach , or 

1 
For definitions of the terms "criticiJl, " "subcriticiJl, "and "supercritical. " see V. T. Chow, 1959, Open 

Channel Hydrtmlia, McGraw Hill Publishing, New York, or R.H. French , 1985, Open Channel Hydraulics, 
2nd Ed. , McGraw Hill Publishing, New York 

2 
A reach may be defined as section of a channel or stream which has similar hydraulic or geomorphic 

characteristics, such as vegetation, roughness coefficients, area of conveyance, channel geometry, and/or 
channel slope. Within a reach, cross sections are relatively uniform . 

3 The presence of critical depth should be determined from detailed HEC-2 output, not from the list of 
error messages at the end of the HEC-2 output printout. 
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• A subcritical HEC-2 floodway run indicates that the encroached water 
surface elevation decreases at three consecutive cross sections, or 40 
percent or more of the cross sections in a reach , or 

• Sound engineering judgement indicates supercritical floodway standards 
should be applied. 

Special Cases of Supercritical F1ow 

Guidelines for five special cases of supercritical floodway problems are described and 
illustrated. The five special cases are: 

• Bank Station Designation. In some cases, the location of the channel 
bank stations may not be obvious. Because floodways may not encroach 
within the channel banks of a stream accurate definition of the channel 
stations is important for floodway modeling. 

• High-Velocity, Near-Critical Flow. HEC-2 may become computationally 
unstable at depths near critical depth, and default to critical depth, even 
where critical or supercritical depth do not occur. 

• 

• 

Channelized Supercritical Flow. Where supercritical flow is confined 
within the designated channel banks, the floodway and floodplain widths 
are identical. 

Composite Flow. Composite flow occurs where both supercritical flow 
and subcritical flow are present within a single cross section. 

• Braided Flow. Supercritical flow on braided streams is usually a special 
case of composite flow, or a case of flood way delineation around islands . 
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Modeling Guidelines 

Appropriate modeling procedures for supercritical floodway m~eling may not _be 
intuitively obvious , may require advanced knowledge of hydraulics, and may requue 
minor adjustments for site specific variables. In this document, it is assumed that HEC-2 
will be used for floodway modeling. In practice, any hydraulic model which meets local, 
state, and federal criteria may be used. Modeling guideliries are outlined below. 

General Guidelines 

These procedures apply to all cases of supercritical floodway modeling outlined in this 
document. Specific requirements include: 

• Subcritical Prome. Floodway limits should be detennined in the 
subcritical flow regime when using the HEC-2 program, as required by 
current FEMA guidelines, regardless of the actual flow regime. 

• Energy Grade Line. Floodway limits for near-critical or supercritical 
flow will be determined using the rise in the energy grade line (rather than 
water surface elevation) caused by encroachment. This corresponds to 
HEC-2 encroachment method #6. 

• 

. . 

• 

• 

SSA 3-94 

Bank Station Limit. Floodway limits may not be located inside the 
channel banks , except in entrenched channels where the entire base flood is 
contained within the channel banks. 

Floodway Velocities. The following comment should be added to the 
Flood Insurance Study floodway tables when the supercri tical flow 
conditions are present: "Supercritical, or near-critical, flow conditions may 
exist at the cross sections listed . above. The floodway velocities or other 
velocities shown in this Table should not be used for design purposes , 
unless an engineering analysis indicates that subcritical flow conditions are 
present at appropriate cross sections." 

Floodway Velocity Determination. Velocities for design and floodplain 
management purposes should be determined using the supercritical flow 
option of HEC-2 or an equivale!lt model. Design velocities should reflect 
maximum encroachment limits determined using the procedures outlined in 
this standard. 

Perched Flow. These guidelines do not apply to perched flow, except 
when the perched flow is modeled separately from the main channel 
flood way . Perched flow originates along well defined channels where 
overbank flooding becomes separated from the main flow path, and · 
develops hydraulic characteristics unique from the main channel. 
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• Roughness Coefficients. Manning's •N• values should be carefully 
selected for streams with steep slopes which experience supercritical flow. 
Manning's "N" values for low gradient streams may not apply. Guidelines 
for determining "N" values on steep streams are given in Jarrett (1984, 
1985). 

Channel Bank Designation 

In many cases, it is obvious where channel bank stations should be located. Key 
indicators include the grade break between the bank slope and overbank floodplain, the 
change in vegetative density between the channel bed and riparian area, or the geomorphic 
characteristics of the stream. Where channel banks cannot readily be identified from 
topographic and other data, the Corps of Engineers ( 1988) definition of channel ·banks"' 
should be used. The Corps defines the channel banks (or the beginning of the overbank 
area) as the point where depths become less than 3 feet and velocities become-less than 3 
feet per second. This bank definition may also be used as the starting point for floodway 
encroachment modeling. It is necessary to perform an initial HEC-2 run to obtain a 
velocity distribution in order to apply the Corps bank station definition. Subsequent runs 
will be necessary to refine floodway limits. 

For supercritical floodway modeling channel bank stations should be identified using the 
following: 

• 

• 

Topographic/Geomorphic Data. Grade breaks, vegetative and bed 
sediment characteristics, and channel shape usually help identify bank 
stations. 

Hydraulic Data. Where bank stations cannot be identified from 
topographic or geomorphic characteristics, the bank station (or the 
beginning of the overbank) is defined as the point closest to the center of 
the channel where: 

depth = 3 ft., and 
velocity = 3 ft/s 

Example 1: Illustrates Channel Bank Station Designation. 

High-Velocity, Near Critical Flow 

For streams which flow at or near critical depth, the HEC-2 model may be 
computationally unstable. Therefore, the modeler should use a optimal number of cross 
section and data points, as well as verify the accuracy of energy loss coefficients used. 
HEC-2 critical depth messages may be an indication of unstable modeling , rather than 
supercritical or critical flow depths. HEC-2 models generally may be regarded as stable 

• Channel bank definition is intended only for floodway delineation purposes. 
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if the velocity head is less than 1/3 the flow depth5
• Where possible, near critical flow 

models should be calibrated to measured highwater marks. 

The following are flood way modeling guidelines and stability tests for high velocity, near 
critical flow , which supplement the general guidelines outlined above: 

• Velocity Head Criteria. Compare velocity head and channel depth for 
channel sections within the stream reach. If the velocity head is less than 
113 the flow depth (subcritica.l profile) or greater than 2/3 the flow depth 
(supercritical profile), the model may be regarded as stable. 

• Additional Cross Section Points. Compare channel geometry described 
by ground reference (GR) points relative to upstream and downstream cross 
sections. Remove or add points to achieve an optimum number of points 
which accurately describe the section and reach geometry . 

• Energy Loss Coefficients. Test the sensitivity of the model to variation in 
energy loss coefficients, such as Manning' s roughness coefficients ("N" 
values). Check model to determine if coefficients selected reflect factors 
such as bed form roughness, sediment transport, channel slope, and flow 
depth, as well as bed sediment size, channel shape, and vegetative 
obstructions. 

• Calibrate. Obtain high water marks from the channel, where possible, and 
calibrate computed water surface elevations to the high water mark profile. 
If an independent estimate of the peak discharge is available, the model can 
be calibrated using the known dischaq~e as well as the highwater marks. 

• Additional Cross Sections. Insert new cross sections to determine if flow 
is actually supercritical or if the model is unstable due to insufficient data. 

Example 2: Jllustraus Procedures and Ourpur From a Near-Crirical Wacer Surface 
Profile 

Channelized Supercritical Flow 

For confined supercritical flow (no overbank flow), floodway (encroachment) modeling 
should be abandoned. The floodplain limits should be regarded as the floodway 
boundaries. In some cases, the floodplain limits may be within the channel bank stations 
defmed for the HEC-2 model. 

Example 3: Illusrraus Two Cases of Channelized Supercritical Flow. 

5 Corps of Engineers, 1988, "Floodway Determination Using Computer Program HEC-2, • Training 
Document No. 5, Prepared by Vern Bonner, Hydrologic Engineering Center, Davis, California, January, 
l988 , p. 70. 

SSA 3-94 5 November 1994 



• 

• 

• 

Composite Row 

For composite flow situations, with supercritical flow in the channel and subcritical or 
near critical flow in the overbanks, floodway definition may be possible. However, the 
modeler must ensure that overbank flow modeling is computationally stable using 
procedures described above. A procedure described in Schoellhamer et. al. (1985) is 
recommended to determine if composite flow exists. Schoellhamer's procedure involves 
determining "subdivision Fronde numbers" for subdivisions of a cross section. Cross 
section subdivisions may be the right overbank, left overbank, and main channel, or may 
be further divided by areas with similar "N" values or by cross section geometry . For 
cross sections with composite flow, portions of the section will have subdivisions Froude 
numbers greater Vlan one, and other portions will have subdivision Fronde nurnb.ers less 
than one. If composite flow exists and the model is computationally stable, then the 
floodway may be delineated by assuming the floodway limit is located where overbank 
depths exceed 3 feet and velocities exceed 3 feet per second, or by applying the guidelines 
for high-velocity, near critical flow. 

The following guidelines are to be used for floodway modeling of composite flow, m 
addition to the general modeling guidelines outlined above: 

• 

• 

Composite Flow. Use the method of Schoellharner (1985) to test for the 
presence of composite flow. It may be necessary to request a trace 
(J2.10= 15) in the HEC-2 input file to use Schoellhamer's procedures . 

Depth/Velocity Limit. Determine if overbank depths and velocities exceed 
3 ft. and 3 ftls, respectively. If these limits are exceeded, and if 
supercritical flow occurs in the main channel, use the floodplain limits as 
the floodway limits. 

• Additional Cross Sections. Test the model to determine if critical depth 
message result from insufficient cross sections, or from supercritical flow. 

Example 4: Outlines Compurarions Required to Test for Presence of Composite Flow. 

Braided Row 

Application of floodway modeling techniques may not be appropriate for braided streams, 
and should be considered on a case-by-case . basis. Consultation with local floodplain 
officials and federal agencies is recommended prior to initiating a floodway study for a 
braided stream. Braided flow, if supercritical flow occurs in flow braids, is essentially a 
case of composite flow. Therefore, the guidelines for composite flow should be applied. 
Floodway limits should include all of the flow braids (all of the channel area). Where 
islands are present between braids, floodway standards for streams with islands should be 
followed, in addition to supercritical floodway modeling standards. The Corps of 
Engineers floodway manual, referenced earlier, discusses application of the floodway 
modeling criteria to braided streams . 

Example 5: Illustrates Maximum Encroachmeru Limits for Streams wirh Braided Flow. 
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Example 3: Channelized Supercritical Flow 

SSA 3-94 

• Problem Statement. Supercritical flow within two confined channels are 
illustrated in Figure 6. No floodway analysis is needed, since floodway 
limits are the floodplain limits. 

• Objective. illustrate examples of channelized supercritical flow. 

• Discussion. Encroachment within the confined channel would be 
hazardous due to high velocities, the potential to cause hydraulic jumps, 
and disruption of channel processes. Current federal regulations prevent 
definition of floodway limits within channel boundaries. Also, only a very 
limited area within the banks would have depths and ·velocities less than 3 
feet and 3 fps. Supercritical HEC-2 modeling would demonstrate the 
presence of supercritical flow at most sections in the reach. Floodplain 
limits would be determined using the subcritical HEC-2 profile. Design 
velocities should be obtained from the supercritical HEC-2 profile. No 
floodway modeling would be required. 
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Example 4: Composite Flow 

• Problem Statement. The stream shown in Example 2 is tested for 
composite flow. Refer to Figures 3 and 4 . Elements of composite flow 
are illustrated. 

• 

• 

Objectives. Demonstrate composite flow tests . 

Discussion. The test for composite flow follows the procedure described 
by Schoellhamer (1986) and uses equations developed in Blalock (1981) . 
Copies of articles by Schoellhamer and Blalock are attached. The example 
problem is modified from a HEC-2 training problem supplied wi¢ the 
HEC-2 program, and was discussed in Schoellhamer. The procedure 
involves computation of the subdivision Froude number. The subdivision 
Froude number describes the ratio of gravitational to inertial forces within 
segments of a cross section, rather than as an average of the entire cross 
section. The subdivision Froude number is calculated for ·each cross 
section segment to determine if portions are supercritical and portions are 
subcritical. 

In order to apply the subdivision Froude number procedure, certain 
hydraulic variables are required. These variables include the total 
discharge, the energy slope, the topwidth, the left and right end stations of 
flow, the water surface elevation, cross section conveyance, and total flow 
area. For the subdivision sections, many of these variables are listed in the 
detailed output summaries in the HEC-2 output. A trace was requested in 
the HEC-2 input file (13.10 = 15) to obtain hydraulic variables for each 
subdivision of the cross section. Variables requested for output are shown 
in Table 1 (See Example 2). 

The basic equation for subdivision Froude number is: 

Fl - - - K - - K - + VT. - - -- [ a v, [ Q, ( dK, dK, ) l V,
2 

da r 
g_A 2 ldy fdy l1 2 dy ; where: 

I ~ g 

F; = subdivision Froude number, dimensionless 
a = velocity coefficient alpha (Coriolis coefficient) 
v. = subdivision velocity, ftfsec I 

g = gravitational acceleration, ft/sec2 

A = subdivision area, fr2 I 

~ = total cross section area, ft2 

P, = total cross section wetted perimeter, ft 
p. = subdivision cross section wetted perimeter, ft I 

T = subdivision topwidth , ft I 

Q, = discharge within total cross section, fe/sec 
~ = conveyance of total cross section, ff/sec 

= (1.49/nJA,~0·67 ; where: 
1\ = Manning's roughness for total section 
~ = hydraulic radius, ft for total section 

= A/P, 
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Ki -
= 

dK/dy 
= 

dK/dy 
-

da/dy 
-

subdivision conveyance, fil/sec 
(1.49/n;)A;R0

·
57 

; where: 
n- = subdivision Manning's roughness 
R; = subdivision hydraulic radius, ft 

= A/P; 
= derivative of subdivision conveyance 
0.33(K/A;)[5Ti- 2R; dp/dy] ; where: 
dp/dy = measured directly, see Blalock (1981) 
=derivative of total conveyance 
0.33(K/AJ[5Tt- 2~ dp/dy] ; where: 
dp/dy = measured directly, see Blalock (1981) 
= derivative of the Coriolis coefficient 
~2stfK/ + ~(2A,T/K/- ~2s/K.,_4) ; where: 
s1 = [ (K/ Al (3Ti - 2R; dp/dy)] 
~ = (K/IA/) 
5:3 = [ (K/ AJ (5Ti - 2R; dp/dy)] 

Subdivision Froude numbers were calculated using the equations shown 
above for the example cross sections, as shown in Tables 9a-d. Unreal

6 

values of the subdivision Froude number indicate subcritical flow . 
Composite flow was found to exist at each of the sections in the example. 

Floodway compUiarions peifonned . 

6 Unreal, or imaginary numbers , occur wheo the main term of the basic subdivision Froude number is 
negative. The square root of a negative number is unreal. 
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Example 5: Braided Flow 

SSA 3-94 

• Problem Statement. Figure 7 illustrates a braided flow situation which 

may or may not have supercritical flow. Maximum flood way limits are 

defined by the location of flow braids. 

• Objective. illustrate maximum floodway encroachment on a braided 

stream. 

• Discussion. Since floodway limits cannot be located within designated 

channel bank stations, the minimum floodway width is the distance between 

the most distant flow braids. Substantial floodway widths may be defined 

using these guidelines. For this reason, floodway modeling of b.raided flow 

areas should be discussed with local floodplain administrators and review 

agencies. Where flow braids are separated by significant land areas not 

inundated by the base flood, modelers should refer to state standards for 

floodways around islands . 
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__ --Teh~essee ha~-~~~~ attribut~d .~-Ln part, to lat~r?l migration of the_.~han.nel in the . -.~ ~-- .. -
bridgereach. · · 

. A br?ided str~~m · is 9ne that con"sist~ of multiple ·and ~interlacing chanlJels (Figure 1 ). ·< 
·rn· general, a braided channel has 'a large slope, a 'large bed-material load in . 
comparison with its suspended load, and relatively smaJI amounts of silts and clays in 

' '"the·!bed ~and banks.}he )nagnit~~e 9f th$ bed load i? mo:re impo"rtanphafl · its size ~ If , , : 
,. /~ the flow· is over,loade_d with sediment; de.positio·r) occurs, .the bea aggrades, and' the 

' slope of the channel .increases ih .an effort to obtain a graded state. As. the-channel 
steepens, velocity increases,.an<;i ~ultiple channel~ develop. Multiple channels.are . 

~-·generally formed'.as -bars of sediment and deposited within the main channel, causing 
the overall channel system to 'wlden . However, braided streams may occur with. a 
graded state that is neither aggr~ding nor degrading._ 

f • . ; . 
.. ,T ,. • " • ,r... • • .... 

··,The formation of multiple, mid channel jslands and bars is chara.cteristic of streams 
- . - ~ !h:at trans-port lar.9e bed loads.~T!Je presence of qars . ~bstructs flow· a~d scour occurs , ~ 

. . either lateral erosion: of banks on-both sides of the: bar,-scour of the ·channels · ·. · 
- ···surrounding the ·bar; or both. Thi.s .erosion will enlarge the channel and, with reduced 

water levels, .an island may form at the site of a gravel or sand bar. The worst case 

' . 

. "will.be where·major,bar or island for.ms a.t a bridge sjte. ~his can produce' erosion of . - ·: 
·· b'oth banks of the stream and 6ed .. scour ·along ·both ~ides of the :island. Reduction in · ~ 

• 
- "-the flow-capacity beneath-the bridge .can re~ult as a yegetated island forms under the 
- bridge. An island or ~ar that forms !-IJ2Stream or down:stream of a bridge .can change ~ 

flow alignment and create ba~.k -erosion or scour'problems at the bridge site . 

. Island shift is easily identified ' be~ause active erosion at one location and active 
.. "'" deposition at another on· the edge of an island can be recognized .in tbe field. Also, the · · 
. :. development or:-abandonme!Jt. of flood channels. and tfie·joining together 'of islands -· 
. ~ can be detected.by qbser-Ying vegeta_tlonal differen'ces ~nd patterns of erosion arid . . 

_depesition. · · - · · ~ ·· "~· · · ... 
~ . 

The degree of channel"braidin,g is indicated by the percent of reach length that is 

·.-

divided by bars ·and islands, as shown in Figure 1..-Braided streams tend to be ~ 
!" ' o i ; • • 'J' "' , f I t' (" I" • "; • ;o a , 

•• 

· .. common in· aria and semiarid p~rts of the western UrJited States and Jegi·ons having ;.·· "' 
active glaciers. · .. · .. -· ----~:. · · - · • :· . - ·· . · : · - · ':: -

I .- ~. - ~ ~ f. ~ 

Braided streams may present diffic-ulties for high~ay~onstruction because they are · - . 
unstable, change alignment rapidiy, ·carry large ·quantities of sediment, ·are very wide · · 

_and shallow even .at floo.d flow ?nd are,· in general, unpre.dictable. Deep sc·our holes 
· , can develop downst~eam of a· gravel bar. or isrand wh,ere .the flo,w froro two channels •. 

··, comes togethe~. ' r- ~- ,: • . . • ', r ; : 

..:.. '::.·... =.. ••• r 

Brafded streams generally require long bridges if the-full channel width-is crossed ~r ·: ·. 
effective flow-control measures if ,the channel is cons-tricted. The ·ba.nks are likely·to .be . 
easily erodible, and unusual care must be taken to prevent lateral erosion at or near.
abutments. The position· of braids is likely to s.hift ,during floods, resulting in · . . 
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,. ~~~~p~cted velociti~~; angle of att~ck; a~d depths. ~?flo~ at indivic~u~l piers. Late~~~~- _.;.<·-
migration-of braided streams takes place by lateral shift of-a braid against the bank, 

· · but,av.ailable ·inforin.ation indicates tl)at lateral ·migratioo-· rates are ·generaily less than, "'; 
• ··: for nie9~dering stream?. Along.braided_ st~eam's, ~ovi~ver, migr~tion /s· ~~t -c?~fi~ed ts) -·. · . 

- the outs1de of bends but can take place at any·pomt by the lateral sh1ft pf 1nd1v1dual . ' · -
brai.ds. · ' '".: ·· : · ~ 
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-2.2.11 Ana branched Streams · , · , - , ... ,. ... 
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··~ An anabranched stream 'differs ;from a braided stream-in that the flow is divided by .~ 
" "isiar.tds rather -th'ari ba-rs , and the islands· are la-rge rela.tlve -to channel width. Xhe ·~ -

. ana~ranches , or, i-ndividual channels( are more widely and distinctly ·separated and · 
more fixed in·position than the braids of a braided stream. An ana branch does not 
n~cessgrily tran_smit flo~ at norf!!Ci_l stage., --but it ~s an active and well-defiQed channel , 

"·- not-~locked oy'vege~ation . Th·e: degr~e qf anabranchi~g 'is arbitrar'ily ·.c:ategorize9 in , 
. Figure 1 in the ~arne yv_ay as th~ degree of braidj ng was described . 

. Ait_ti -~ugh the distin~ti,~n betwee~ braiding and a~~branching may seem academic, it ~' 
-has.-real significar.lcE?-for engineering "'purposes. Inasmuch as anabranches are_ · ~ 
relatively .permanent channel~ th'at may convey substantial flow, diversion .and . 
confinement of an ana branched stream is 'likely to be_ more difficult than for a braided 

r- stream. "Problems associated with cmssihgs on an;3branched streams can be avoided : ··· 
if a site yvhere th_e· channel is not_anabrar:1ched_cari. be chosen . If not, .the designer · . 
may;be faced with a_choice of eittier_building more th_an one bridge, quilding a long' : 

. bridge; or diverting· anabranches into~ a single channel.. Problems with flow alignment -. 
may occur if a bridg·e is built at or near the junction of anabranches. Where 

.· anabranches are_ crossed' by separate br:idges, th~ design"discharge for the bridges 
.· may be difficuLt to estimate. If one anabranc_h should become p~rtly bl<?cked , as by -. _- _. 
, floating debris or ice, an unexpected· amount of·flow may be qiverted to .the other. . ; .· 
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- ··2.2.12 Variability' of Width and._ Development of ·Bars 
•' . 

. '· The variability oLunvegetated channel width is a useful indication ;Of the lateral stability . · 
J- of a cha·nnel. The vi'sual. impression ··ot'unvegetated chan·riel width on ·aerial · ~ ·. ·: 
··~ photog.raphs depends 00 -the relat'ively dark tones: of vegetation ·a~· .contrasted with the ... -

lighter tones of sediment qr water. A channel is considered to be of uniform width . ~ 
(eqt:iiwidth) if the unvegetated width at bends is not more than 1.5 times the average · . . 
width at the narrowest places. · 

· -The relationship betwee~ width' v~riability and· lateral stability is ba~ed on. the rate 'of - .. 
"·. development 6t, point b_ars and ~lternate bars . ft. the ccmcave b~-l)k at a b€md is eroding ·: 
- slowlyJ the point bar will ·g·row slowly and vegetation will become established on it. The 

unvegetated part of·the bar-will appear as a narrow crescent. If the. bank is eroding . ::. 
··rapidly, the unvegetated part offhe rapidly growing pornt bar will be wide and ' .. ' 
conspicuous. A point bar with an unvegetated width greater than the width of flowing 
wa~_er afthe bend i~_ c9n~idered to b,e wi~er than av~rage. Lateral · er9sio~ r~tes are 

... ... . ... ~ .. . . 
r .. . ,. 

·.- . ~ 

_. . ... 
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,. . probably .hig·h~(~ stream reaches where'bare point bars tend to exceed average ~width. ~ 
• . J 

. - In areas where vsgetation is quickly established~ as in rainy southern climates, cut · 
.. -~. banks at bends may·be ·a more .reliable indication of instability than the u~vegetated - · · -· 

• _ "' wld~h ._ot_pOint ba~s. " · _· ~ · .. ~ : . _ -·~ ' .... ·. . .. :: _· _ .. · . _ .... -~ . :··. _ , :· -. , . ·.· 
• I " • • ""' ' ,.. • • ~ : 

.Thr~e categori~~ of width variabJiity are distingui~hed in Figure 1, but: the relativ~ .. 
laterai stability ofthese must be asses-sed in connection with bar -development-and 

. other prppertie~. l.n gen~ral , equiwidth streams having narrow pqint bars pre the most 
. stable laterally; a'nd,ranc;iom-wi_dth streams .having wide , irregular ·point bars are th:e r , • 

-~ least stable. v~rti.cal .stability , or the te~dency t~_ scour , _cannot be ass.essed "fro~ . ·. 
these propE?rties . ·Scour may occur .in any ·al!uvial channel.- If} fact;· the greatest -

.. pote.ntial for deep scour ~ight be expected in laterally stable equiwidth channels , 
··which tend to have relatively deep and narrow cross sections and bed material in' the 
size range of silt and sand. · · 

-2.3 "Lane ·Relation-and Other G~omorpti ic Coneepts . · 
~ ... _, "' ... 

The' niaJ~r complicatirfg :f~;tors in riye f. ~~ch.anics are: (-1) the large !}umber of interrelated 
. variables that can simultaneously respond to natural or imposed .changes in a stream system, and 

(2) the. continual evolution of"strearn channel patterns, channel geometry, bars·and forms of bed · 
roughnes-s with changing 'water and sediment 'discharge. lrr order to understand the responses of 

- a strea.m to the. actions ·of m_an and n·ature , a ·tew simple geomorphic conce-pts are pre.sented . -

-~~e~~P~~dence of sir~~~ iorm ~n si~~~. :whi~h may ~e ~~Posed,inde[iend8nt of oth6; str~am 
charact~ristics ,· is illustr?ted SQhemati9ally in Figure 7._Any natural or ~rtificial _c_hange \Yhich altE?rs 
chC:u;mel slppe; can r~su lt i~ modifications tq the exis.ting strE?am patte_rn.:For. example ,.~a 'cutqff of a 
meander loop increase? channel s!ope. Referring to Figure 7, this shift in the_ plotting position .to 

- the "right could result in ·a shift from a. relativeJy'tranquil , meandering pattern toward a~ braided . -
pattern that varies rapidly with time, h9s high velocities, is :subdivided by sandbars, and carr ies . 
relatively large quantities ofsediment. Conversely, it is possible that a slight decrease in slope 

·. could cbange an Linst_able braided stream into _a.meandering o[1e. · 
- ' " ~ : • - "' ;: • ' - ' • I- ;. -

The~:~ignifrcan'tly diff(?,rent ~channel gime~slorl'~; shap~~ . and .patterns ·as~ociated with -~ifferent ~ ·· 
- quantities of dis-charge and .. amounts of sediment load indicate .that as ·these independent 
variables change,· niajor adjustments of channel morphology can be anticipated. Further, a 
change' in ~hydrology may cause changes in stream sinuo'sfty, meander wave length, and Ctiannel 
width and depth. A long period 9f channel instability with considerable bank erosion a·nd lateral 
shifting of the -channel may be- required. for the-stream to compensate fqr the hydrolqgic_changE?. 
The· reaction of a channerto changes in discharge and sedir:nent load may result in channel 

_ dim_ension 9haoges contrary t<? _those',in9icated py many _regime_equation,s. -Fqr_ ~xam_ple , _it is . _ 
conceivable that a decrease in discharge_ together with an ·increase in s~diment load co01d cause -~ 
a decrease in depth 'and an increase in width'. ~ . ·' .. . ~ . ~ . 

\, .. ~ - . ~ . .. . . . 

~illustrates th~ ~epen~ence of s~nd-b~d stream f~rm on channel slope_ and disc~arge . . -
According to Lane, a sand-bed channel meanders where :(?) , - · , . . · · ;· : . ,. 

• J .. • .. -' • , ~ .. _I .. 
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Simil§lrly, a· sand-bed, channE?I is braid_ed whe_re : e -s·a~.2s -<-o~ o'041. ~- - ·; .:. ; . ~ - --- ... ~. 

-· ' 
where:. J • 

S = channel bed slope, m/m 
, Q ~ meim discharge, 11)3/s 
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Figure 7. Si~uosity versus ;Slope with Consfant Discharge (after HIRE)(4) 
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·-··· Figure 8. Slope-bls.charge 'Relationsh.ip for Braiding ·orMeanderiog 'i£1-s~md s·ed 'st.reams ~ · 
• . _.../ ~ ~:. .- ~ - · • ·· ~- .. . - ·r. r.. (atte.r_ Lan~)(7)_ "" ~ > _: -~ '/, _:. )- :> ... _· ·_ · -: ·· .. ~ --< : · :.: : 

A1e · z~~e.~b~t~een the- i .in~s- d~fining b·;~ide.~ s~reams ~~d -~eandering ·tt~~-~-~~,' in · Fi~-~fe'. 8 ·t~\~e - ·"' 

....,.;~nslti~nal r§l~ge , i..e ~: - the ra_nge iwwhich .:a s_tream cari chang~ readily'f;om on~ stream form' to 
;the other. · ·" , · ' · 

-·.... ... .. • . .I.,- J,4 ~~ 

M~ny Un.fted States r ivers,· Classified as interm'ediate,.sand~bed stream; , p.lofi n' this zone· b-etween 
_·'theJrmjting curves _defining meandering pnd. brajded ~stream. If a strea'm_ ts fneandering bud ts · . _: ' 
discharge .:and slope ~orders on the transitional z_one, a ·rel_?tively sril C) I i\rw~ease in ·chann~lr.slope -- · 
may c~use jf to chang~ ,: with-tim-e, to a: transitional or braided stream: - ~~--; .--_ ~ ' ·_>- .. - · -.. .. . . ., . - ' ... " . - . . /' ... : 

--:Leopolq and \0folman plotted ~lope a~d 9ischB:rge for a yariety~of natur§l. strearps. (8) They . · _ 
observed,. that. a line co'uld sep_arate· me~andering from' braided streams .. 'The· equation of this line 
is: ;.f -~ ..,~ - :- ~: s - .r-, .· ~ .. J· t' .. : .. - .... .~ • .. • 

-~. ,:. . .r : ' . . ~ • ,:. :• • ,' • •. ; : ·, ., ': • .,r ~ .-: : -

· '§QQ-.44 - 0.-0125 • .. ·. - -~ >r -· ... r' - ._, , • ~ :~:·· .. • . ,, ' (3) ·' 
... ,. : • .~ - •• • :- w * / ~ ~ ~:,. ~ k .. • ~~ • ,. ·- ·"' 

Streams clas~ified as .meandering by i eopold and W-~ima~ are those· ~ho~e · sinuosity -is greater 
·. than ) .5." Braicjed streams are ...those vyhich have relatiyely stabJa alluvigljslands ·and, therefore,_ · 

tw6 ,Pr:·mGre c._hanne.Ls. Jh~X n_ote ttiat sedir:neot size J?. rela!ed ..to Sl98~ -~-n~ _chan nei ·P_,?tfern -but. do 
riot try to account for ;}he effe.ct of sed_j ll)ent-size on the morphology of.streams: .They further note 

- that braided ana meandering srr~ams ·can be differentiated based on combinations of slo'pe; ·. -
discharge; and width/deptb ratio , but regar_d width as a ~ariable dependent mainly' on dis~harge . 

• rig ~~ach~s qf m~ri~· str~~ms h~ve ~~hiev~d ~ stat~~f eq~ilibri~m:, f~; _p;a~tical engi~~erin~ . 
~urpo~es . Thes~ stable reaches are caJied "graded" str.eams by geologjsts _and "poise·cf: streams 

by engineers.:However,· this'· condition does.not preclude significant changes ·over a short period . 
_of time or ... over i:l period pfyear~. Conversely; m_any streams cootainJong reaches that are ,. . _ 
·activeiyaggra:ding or degrading . These ,aggrading·and degrading chanhels :pose··definite. hazards -
to highway c·rossings .and el}croachments, ~a.s compared whh poised streams. : - •' ... 

"". ~ • • ..I • ~ ""; .... ,. • I' - ..; ... ""/" : 

. Regardless of the degree of channel stability! man's activities may pro_duce m"ajo_r cha t;lges in 
stream ~cQa~a~teristics loc_ally ~nq thrbughpul ~n entir~ reqch. f\11 too frequ~ntli, t~e net re~ult o:f a_ 

. stre~m ; 'i rp provement" is a· greater de.partyre from eq\.Jilibrium. than existed prior to "improvef ment. II 
- Designers of stream·ctJ.annef modifications.shotJid invariably. seek ~O".ef1hance the· natural- _._:. , -. . 
.tendeoci gf th_e stream J~~ard equilibriur;rl·:<?nd a .sta~le co'~dition. ·"!"h Js ·i~q-~ ires an_' u~de~~t~_nding ·.· · 
of the: direction and magnitude of change. in channel ch~racteristics .w,hi~h will result from the ·· ·· 

. actions of man .and nature. This understanding can be obtained.by:-<(1) studying .the stream in a 
natural condition , (2) havi11g knowledge of the sediment and water discbarge, (3) being able to · 
predict th'e .efft;cts and magnitude ofman's: futur~ activities and (4). applying-to these a knowledge ·· 

_of geology, _soils, hydr_ology,_ and hydraL:JiiC~ .of .a.lluviah ivers . . ' . - ' _ ··· .. <- .. •, - -~ .. ,_ -~· - : , -· : 
~ - i' - ~ l"' .. "' 

Predl<;;ting:.the respon_se: tq~ channel mqdifications is a ~ery}:;omplex ta~_k>TJ~ere are large r19mbers 
of variables· i_nvolved in the analysis that are . i_nt~rrelated and· can respond to ·c,hanges in··a stream · 

· system in the _continu?l _evoluti_on of st! eam form. The ~h_annel _geonietry ,_ bar~ , _and forr_:ns .of bed --. .· 

•
ugh ness all .change witb changing water and sediment disch~rges . 'Because such ·a· prediction 
ne.ce'ssary, usefu( methods have been deve'loped to qualltatlv~ly and quantitativ"el/ predictth'e ' 

• )' • • - I' • • .' ; E I • 

- response of channel systems to changes. _ · ·-. · · 
' 

¥~ • -

- ' 
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Quantitative· prediction of response can·.b.e made if all of the·-requi red ·data .are known with -· ,,. -:~ . 
.,. "·' • , • J ..t- • • ; ~ - - _.,. ~ .. . • ••• • 

- sufficient accuracy. -Howe.ver, available·dC!ta are usually not sufficient fo_r--quantitative"estimates, - ·~.! 
.d ~nly-: quali~ative esti!ll~tes _ai-e pos~r~J€(Ex_am.ples o~ studies th_a(ha~e peen undert~~eo by _ :·~ 
W!'Irious ir)vestigators for. qualitative estimates follow. Cane/studied th:e -changes in strea·m ' - : . 

. morph-ology caused by modifications of water arJ d sediment dischargei~ (9) Similar but more ·-- ., · 
compre!l~nsi~e treatme~n~s qf ~han11el ·respon~e to ch'aMgi r g .t<?nditions ; ii,-~tr~~m~ haVe'bE1en · ~
presented-by.Leopdd and -Maddock;:schumm , and Saritos-_Cay<?do. CJ;0.1_1,12) All research results ·~ 

. , ... •. • ' · • • .I • / • '. ~ ·• • • • .:o • • • 

- suppo_~, t~e _relat1onsh1p:ongmally prqposed_._~y lane: ., .. · .• · · ··. -.. "· · -~ .. · - ·_ · . .. · .... · - ·. 

~·asL~. o~o~6- -·. -: _:· · :~~:~-~ . · .. _: -. : . . :' " (4) / ~· : .. 

- -' 
~. ·~ 

where: 
" j ... -

... .I 1' ';- -, - ~ .~... : ... 

, .. Q = dischargE( - ~· '·:_· .. ": . 
<) $ .. = en·ergy .slop~ - .· . - .... ) _· 

a-s == seqiment_ d fsch~rge - ,. ·. / -.r' ,;~· ·:. 
0 50 ·= - median-~ed.iment size ~ ·-_:,~::· -~ .--

- ,. ¥ .. • .. ~ 

.¥ •' • 
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"" ·' 
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·Equation 4 is y ery useful to predict Ru-aJitatively channeJ ·re~po11se to clil)latological cha~g~s . '; 
· stream m-odifications, or both .·-'The geomo'~phic relation ex-pre~s~d is ·only Em initial step in '·· . .- ·· .· 
- analyzing ;.lo ng-ierm. ctJa.nnel ;-r~spons~.._pro~l_e~rJ)S. _Hmv~yer, , this j nitia(:~tep i~ . USeful bec~use it 

warns 0f possible future di_fficulties· related ,.to channel modifications. Examples of its· use.a_re given ~· 
·in Section-2.4.4 an9 in . HiRE : (~ ) .-~- "_;_ · . ' ... · . · '. _ . : - · · . . - _ · - · · . 

• • .. 4 ... .. ... •• • ~ 

r ;- - ~ -r _, 
2.4.1 Aggradation/Degradation · .. 

. -Aggra.d~_tion ana·ae,grad.ation ar"&!h~ ve~ic~l raising, a·nd: lowering-, 'r~sp~~ti~ely, of th,e .. ~ - . 
'~. str~pm.bed .over relatively long"'".Oistc~m·ces andJime.fra·mes. Sucffchar:)'ges can be the -,. · .-~- :.> ~ 
~ ' result-of both natural and -man-induced· ch·anges· i.n the watershed: The sedimenf ~ · ·~- -~ ~ ~ · 

cof1tinuity"concept is-the primar/Rrjnciple af:>plied ·irJ .. both qualitative and quantitative ·- ;:~· .. ~ · 
·anqlysis· of bed -elevation changes~ ·After ·an l!ltroductfOn to the qon.cept-of sediment · - "' · · 
continuity, some factors caus~ng ·a bed elevation change are reviewed . - .. '" _, ... 

•. 

; ~ :- ... -· ••· , r ~ 1 • 

• • J • ... • •. • ~r-. . .... ; t' • • ; • , • 

2.4.·2 Overview of the Sedimenf Continuity Concept - ·' 

- ... 
.. 

~ ~ - •- ~. ,t • - ... . .t ~ , _,. • . - .... J .... -

The:amount of material transporte.a, :kroded ,. or ciep·o~ited in an al luvial -channel is a 
function of sediment s-~pply and, channel transport capacity. Sed(ment supply is · ~ 
provided from the·tributary watershed and from any erosion occurring in the upstream · .. --: 
channel. .. Sedime·nt tranS:port capacity is -~ function _of the·-:size of sedi.ment, the· ( . :. .. , _ ;, .. 

• ': .. discliarge of th~ stream: and.th~ geo"m~tric and ,.hydrau!ic prope-~ies of the channel. . ':· ~- . -
" When the transport capacity (sediment outflow) equals sediment sopply (s·ediment · · · 
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·· inflow) a state -of equiiibrium:exists . ..~- . J~· • • • -.~ 11.' _;: J.,~: · • :.. -~. ·• ~- .r · .. : .: ~ , , ,. ' ., J, .•• J . . "' . ~ ... · 
••.•' • - .; ~ •:.,~·. •r.;;,-... • - . • ~ ~:.-: ,..-. • - -"' .,M .. .(: .. •- ~.· ·-:.."'· .. " - • ,; •..,.' '• 

App'lication of the sediment continuity concept to a single channel reach illustrates the . 

•
. relationship between sediment supply .and transport capacity. _Technically, the -
. sediment continuity concE?pt states that the sediment inflow minus the sediment 
... qutflow equals .th,e time rate oJ ch,ange of sediment volume in a giyen.reach. More. 

·--= .. sim'ply stated , rcluring 9 give.n time period' the amount of sediment cornin~{into the - _· ·'_ 
. ~ ···, reach mir:!U? .tl:le ?mount l~avi69 the down_stream end of the reach equals the c[l'ange 

·in th_e·amount o(s~d_iment_stored jn -~hat re~ch (see Figure 9) . The· ~e_dime~t inflow to : 
·? give.n reach is ¢efined by the sediment supply fr_om' the watershed (upstream of the- . 
study reach plus any significant lateral input directly to the study reach) .- The transport 
capacity of the channel wi.thin th~ given reach defines the sediment outfl0w. Changes 

I'· in the sediment volume within the reach -occur when' the total input to .the-" reach ... 

·' 

__ ~. (s~di~en! supply) _is not ~qual, to t~e dOWI}Stre~m ~utput _(§>~di~en~ transp9rt 
· capacity) . ·When.t_he sediment supply is less than the _'transport capacity, erosion 

(degradation) will occur in the reach so that the transport capacity at the outlet is 
satisfi"ed , unless controls exist that limh erosion. Conversely, when the ·sediment 

l. 

_supply is greate_r t.han th~ transpor:t capa_city, deposition (aggrad§ltion) wii_L-occur in the 
1 , • , 1 r I .. 

reach . .. . · · · · · · ' · 
/· ~ • " -;. r • ·( • ,.' _, ~.!'... • • 1 ... • ~ , ,.,.: "'"'"" • r ~:· ~' : , 
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[ If nega;ttva, erosion wid ocxur - - - _ -· . ·. 
If positive._ S:edimootation Win occur_ ' · , ~ : · 
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Figure 9. Definition Sketch .of S~diment ·continuity Concept A-pplied to a .Given Channel 
~ Reach .over a Given Time _Period . ,·- :- _ .. 
' ( . ~ .,- ' : . ,, 

I'· 

·. Controls that limit erosion may .either be man made or-natural. Man-made controls 
. . jncl~ded bank pr'oteqtlori work's, ·grade control structures, and stabiiiz~d bridge . 

_crossings. Natucal C_Gntrols can qe geologic, such as{)utcroppings, Of-the presence of 
signifiGant coarse sediment material iri the channel. The presence -of coarse material 

, can resL:Jit in the fgrmatiqn of a surface a_rmor layer of larger sed ~ments th_at are not 
.- . -transported by_ average flow cqnditions . . ' . -~· : '. :. . ;. f • , . - -~ 
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-· · .. ~·,.2~~-~r~·ctors . lnjtia~:i ~·g. _Bed~E"Iev~tf;n" ch~ng.es<~ ~.~~ ~--~ - .. 
• ,"' r ~.. ,.,.. • '· -.. ·- ,.,. . ... ..· . .. ... ' ··:--

.· -M·a~in-duc.ed Ch~'ng~s~· .Man's act.ivities are' the m~Jof c'ause of s'tr~'a rlibed .elev~tion' : :·· 
• ·. changes< Very few bed · el~vation change~ar~ due t9 natu~al causes~ alth~ugh some: 
· may be the result of both natural .and man-induced causes. The. most common - _-

.- .•· activities whicf.l result in.~bed elevation changes caused by man~ are channel -·~ . ·, '~ . :-: . 
~ __ ·~. altera.tion_?, st~earrybe~ ~i_!ling !. ·da~s ~nd reser;voi r~ , a~nd l_9nd-use 9ha~nge?. Highway . 

·construction , including the construction of bridges and channel alterations of limited .-
_extent,-usually affed stream vertical-stability only locally. .. ·; ,: - . ,:.. 

.. ') .. . .. . -., 
~ ... ·.. l ;.. 

. Channel Alterations. D_redging, channelization , straightening , the construction of 
,. · cutoffs to shorten the flovi path ·of a stream, and clearing ·and snagging to increase 

;: c~a-nn~r capacity are· the major causes of streambed ·elevation changes. An in_cr~ase · -~ _ :: 
.in -slope.resulting .from a shorter flow path , or an increase in flow .capatity results in 
increa~ed velocities·· and a corresponding increase in.s~diment transport capacity. If. , . 

-the ·stream w~s- previously in eqaitibrium (supply ·eq'ual. to· transport capacity) toe -· ; . -
channelrpay adjust, either by increasing its length or by r~ducing its slope: by · 

. -qegradation, in order to reestabli9h ~qullibrium. T,he most frequenJ response is a ~ · 
· degrqdirig strearilbed_follmyed.,by _ban_k erosion -and a' .new meander pattern. ,.. ,. 

1 , • r r .,. -
.. .J ,. . ..J .. ., ., • 

· ·9onstrictfons in §l stream -channel , ·as in river control projects to maintain ·a navigation 
chaonel or highwqy crossings, also increase veloCities and the .sediment transport . 

··capacity in the constricted reach·: The resulting degradation can be considered local ,· · 
but it may extend throu.gh ,a considerable reach of stream,· depending on the extent of 

• • 1·. the _r_ive( contn?-r proj~ct. ,ponst;~ctiOI')~ m5ly also. cau~~ lo9al aggradati?ri probleT s·- ' .. 
dow:nstream. . • : . . . .... .. • · . _ : 

The .re~p~nse ·to~ a·n incre~sed sediment l~ad in a stream. that was ·_~ear .eq~ilibrium .. · ... , 
conditions (i.e.' supply' now greater· than transport capacity) is normally deposition in _.:.. .. 

.. the channel do'wnstream of the alteration. The result is an increase in flood stages' · · - • 
~nd overbank flo9ding in downstream reaches. In time, -the aggra9ation will progress 

. . : both. upstrearrt and 'd_ownstream of th.e end of 'tbe 'altered channel·,· and the stre'am . 
• ··, reach may become loc ally braided as :it seeks a,new balance between" sedim~nt. 
- supply arid .se"dimen~ transport capacity . . - -,. . - - ·~ - . . -

- .~ J .... ~ .. ~ .. . 
Streambed Minind. Streambed min.in.g for sand or-gravel can b.e . ben~ficial or _' · · ·. 
detrimental , depending on the balar:~ce between sediment supply' and transport 
capacity. Where the sediment supply exceeds the stream's transport CaRacity : 
becau.se of man's aCtivities in the watershed or·from· natural causes,' controlled , 
removal of grav~l bars Bn.d limite_q· mining .may~eo~anceo both lateral and vertical · 
stab,ility of the 'stream. . . . . . ;. r 

The usual result. of streambed m.ining is an imbaiance between sediment supply a~d 
transpor} capacity. Upstream of the operation; the water surface slope may be 

'. increased and t5arik erosion 'and head cutting ·or' a ·nick point may" result. -The extent-of . ,. 
~" ~ ';; ..,.. • ·~· • • p ~1". .. • -.,~.. .. ./"- .~ .. 

the damage that can result is a function of the volume·and depth of the .sand and . 
• . gravel .pit relative to the size of the stream, bed materiai size,-flood ·hydrographs,'· · 

upstream sediment transport, and th~ location of the:pit. If the size of:,the borrow pit:i~. · 
sufficiently large, a substantial quantity of the seaiment inflow will be.trapped in .ttie pit . 

- . . 

. .. i . ... 
- - • f' 

7 "· • .r- • - - ,.,. .. 

. . . 
.. • ,. r .. .. .., 
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- _::-·:· . ·and-.cfeg.radatiori:will.t )ccu-r down·stream_ If bank erosion .and-head~utting upstrearif of :·-_. 
• _.tti·e pit produce a s·ediment supply· greater than the trap·capacity . .of·ttj"e pit and the , ... ~~ 

- transport capacity downstream·, aggradation could occ'ur. However, this.circumstarice · 
• _ , _i?. ~nli~eJy an? ~t~e~~be_d mi ~il)g :ge~e~ally ca_u~e? degradation . \J ~Stream and · _ :- .,-

.. dow~ stream of_ ttie P!L . · .. ,._ ,._ ·.- , _ -

• 

-• 

- ... ... -· . . . . ~ / 

.) Dams and Reservoirs. :storage and flood control reserv'oirs 'produce a stream 
response both upstream and downstream of the reservoir. A stream flowing ·into a - ., : 

'- rese""rvoir forms a delta as the sediment load is deposited in the __ponded water._ This ·· 
deposition reduces -the stream gradient upstream of the reservoir and causes ,_ 

~ . -aggradation in _th_e channel. Aggr?dation ·can ext-e_nd many kilometers upstream. :-
.!"- :~" ~· ::~.; f ....,..,_ •• - ~~ -... 'l- ·' · .. 

· Dowm~tream of reservoirs , stream cbarmel stability is affected qecause of the 
• changed flow characteristics and because flow releases are relatively sed i'm_ent-free. · 

, -Clear water relea~es .pick up a neyv sediment load .and degradatiof"! can result. The . . -
--stre.am channel and stream gradient that existed'·prior to the construction of the dam 
was the cumulative result-of past floods of various sizes and subject to change with 

- eaGh flood. Post.:constn.iction ·flows are usually of. lesser magnitude and longer · 
'~, duration" an-d tt\e str~·am.'will estabiis~ ·a new bal.arice -I n l(me consistent with the' new 

· - ' flow characteristics·. · · · - . - ·-,~ - . · -~. ' -.... ~; .~ 

... lt'is P9SSible for.a.g'g:a_dation to occu~ downstream:o( a reservoir if flo~ releases are· 
- Insufficient to tra.nsport the size or volume of sediment brought in by tributary streams . 
.. $treamflow regul_ation, which is a_n objective in dam constructiol) and reservoir 
;. oper.ation , is sorrietirnes"-overlool<ed-in -assessh;lg 'stre_am -system response to this 

1 

·· activity by man., The reduction in flood magnitude and -stage downstream of dams as a 
- result of r"ese!Voir operation can result- in greatiy incr~ased hydraulfc gradients and . 

~.degr-adation in t~ibu~aries downstream of the dar! L A notorious brjdg~:failure on t~e ,: -
Big Slqux River wa·s, ih part, attributable 'to such a conaition . - · · · · · 

··Land Use Changes. Agricultural·actiyities, urbanization , commercial development, and 
' construction activities -also contribute to bed elevation problems .in streams. Clear 

-· cutting· ofJorests, ·and the_destroctiofi of grasslands by overgrazing , burning and·· 
.. cultivation can accelerate erosion , c~iusing streams draining these areas to become. ; 
·· -over1oaded with sediment (i.e ., excess sediment supply). As the Qverload persists,_ the .. 

stream system aggrades and increases its slope to increase its se-diment transport 
. _ . c:apacity. . . :- , .: . - . . . ; 

: I r ' •• I ': 1 f o ' 

.. J'• • .r- . ~ ) . ~ . ~ .~ !."- ·'"- , ~ 

•. , Construction and developing -urban and commercial areas can affect stream gradient 
~ l,r . ..., . ~~ .. 

'· stability: Fully developed urban are~s ·are ·low sedim~nt producers because of 
.- imp~rvious areas an}i lawns, but ten9 to increase the: magnitud_e ·of runoff events and ~. 
·reduce their duration . The respo-nse of a small sfream system to these changes is · 
degradation , changes in planform (e.g. , increased sinuosity) , and channel -widening 

··downstream of the urbanized -area. However, -if the urbanized area is small relative· to 
the ·basin of the stream·in which it is- tocated , the net' effeCt will probably be small. . :. - ·., 

..... • r" ~ ,. ··, • ;.!' • • ,~ • ..z • ~~ • ' '.r ,r .. . . • . 

Natural C-hanges:'Naturai causes of stream gradie'nt instability "are ·'primarily natural· ~-- .. 
chai-lnel alterations·, earthquake,. tectonic and volcanic activities, climatic change, fire ,: · 
a'nd channel bed "and bank material erodibility. . - . -

. - ~ . ; 
I" ..... -: _ .. \ 

' .. 
< • 
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.ou'toffs an'd crtute '8eveloph1ent 'assbciated with channel straigtiteriing a·re the most ;-.~ ,_-_ ~· 
· ·.- comnion naturarctiannel alteratio-ns. This results in a shorter flow path: a steeper··· . 

•

. · channf?l_gradier]t, and an Increase in segiment tcansport capacity. Significant bar)k · 
-,: erosJon and di gfada_tion . prog~r53s§_ing_ to _an up~trEfam :contr~l c"qn resu_lt. Downstre~m-": . -~:.-

.. of the cutoff, ag·g~adation will ·o~cur. ~- .. · ,-" · · - · · ,. j • • •· 
1 

- · ~ : 

·"" 

'"': • '"• - •.; •: -• ·~-• • • ; - '':: ~ ~ ,. :.. I"'· '·"' ' -l"'• '':~ •,: • - - I<~"., 

. S~ver~ lands.lides, .. mud flows, uplifts~ai'Jd lateral shifts in terrain , and ' liqtJefaction of .· : _. 
· • othe.rwise sel)ii-stabfe. materials--are as-sociated with ·earthquc:tkes and tectonic - · · · 

activities._ The response to these activities_i nclude channel changes , scour or 
deposition locallY. or system-wid8:, -head~utting an,d .bank -instability: . -. ~- ; ... 0 • 

~-

:,.t ~ • -~ .. • .. • -:.
1 

' 'T ,. \ ."'- •, .. J.. • '.!"- .. 

. Alluvial fans , di?cussed under '!.alley Setting, arE? amol'}g the most common naturally · ·. 
occurring-cases of channel aggradation. ' - <! ,.. -- ~ 

.;,..• 

2.4.4 Stream -System Response 
J... . ... • • t 

.:. Streambed aggr~dation 'or degradation affects not ohhi the strea~ in which a bed 
.. elevation _change is in_itiated, ,q_Lit also tributarie_s ·to the stream and the streJ:}m to'which . -

·if is tributary. Thu$, the stream system is in an imbalanced sediment supply-sediment. · 
tra·nsport capacity" ton_dition , and Ww-il l_"seek a new state of equilibrium .. A few 
examples are Cited to illustrate the $ystem-wide response to gradation changes . 

. These examples also illustrate th~. use of several _geomorphic concepts iotroduceq in 
. ·. Section ·2.3 ahd the-discussio-n.o( Section 2.4 .3. , · ;t • - J· • 

•• #' t ,.. • ... 

Example I . A -degradin-g principal -st~eam channel wi_l_l cause tributaries to the stream . .'- -
to dE?grade, thus con_tributing additior_1al sedir:nent loag to the degradil]g stream. This ·: . 
la.rger sedimept load will slow-,the·rate ·of-degradation in the principal stream cl:tannel. 
and m~y halt or reverse it for a period of time if-the contribution is large enough or if a 
tributary transpor.ts material which armors the bed of the ·degradin~ stream. . · •· . 

:' • ~ I : _,. • ." '" I ~ • _... -• .r- .• . • J - J'· . ... . ...... .. ,.. ,. 

Using Equati-on 4, the basic r:esponse of the pr_i ncipal strea·m can be expressed ·as: 
ow~ ' - ·~ ; • • - • - ~:. p .. -_ .• - ~ '. - .. '':,: • • ,. - - •~. ... 

_ :. : _Qs+ -~.' _9s~J ~so - ; - ;· .. 

. Here, it is assumed that water dischargJe (Q) and sediment size (050) rem~in 
· .J:-unchanged . (~9te.: \!Yhe~ neith,e-r;_; o~ .; ~ppear~ ·as a ·_superscriP.{ in tl;)~ L~ne _;. · .' _ . .· 
.. relati<;:>~ship , co~ndition~ remain ync.hariged). Th~s , ~he· ircrease ~n _sedifDent disc~arge ~ . 

(08 : ) derivE}d from the triButary stream .mOst re·sulrin an iricrea·se_iri slope -(S+) 'on .the --
.. master stream i{ the_:geomorphic_ balance expres~ed_ b~rthe Lane_· relat ionship is to ·. _: 

hold. This increa·se in ·slope on the principal stream then slows or reverses the original 
degrad~tion of th~ principal stream whicl) initiated the stream syst~m response . _ 
.; ... • , • , • - l ·-:- • ... ;; - - j; 

" · Example 2·: 1h'~ sedirri~nt supp~y availaole for tr,an_sport by_ a re~ch a·f-s.tr~am m~y be ---- ~~· 
reduced by changes in· the water_shed which reduce erosion , mining of sand and . ·. -· . 

• grayel from· the streamped upstream of the reach, od he construction o~ a dani to ·. . 
impound wat~r upstream of th~ reEi~h .. tn general ,.for' the-two latter cases, sedimen'f ~. 
transported by the streaiT!. is trapped in the mined areas o~ reservoir and mostly· cl~ar 

: - ,. 
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. · ·· -w~t€r.is Teieased.downstream: ~i~~~§ .1 0 iflustrate·; t~e principle- D~ -u~e · of the ,: -· :.:_/- .: ~ _.
. example pf a -_da-~. Referring ,~o Equation 4, a decrease·in sediment discharge_':'Vill · : 
. '·cause a· decrease in slope , if the. discharge and median -sediment ·size remain. ·: ~ --

• 
' .... constant, or: ,._. - ' . . ·' :.>- -' -- .- ,.: ·-. : - ' .-- - , : • _~ ' •• ' , .. • 

,- •1 • - ., ~ ":' • ·• ... ,.r ~ ·r ,.r ;:- • •. I' .,.. j. "' ·r ' 

- • •• # :_ • .-- ~ •• '·. <2s- . ~~ as<~ ~o - · · ~- · :· · · - ·"";'_..; -.-.: .. .- <- : ._, ~ ·· · · - · 
• • .; - • ..,·_ ,,<~ • 

... -·~t,·; o'riginal eqLi~li~ri~in channer~~adient (Figure. ·1 ;~) ~s _represented by the line CA. A 

new equilibrium_ gr.ade represented by C'A will result from a decrease in-sediment . 
supply. Jhe dgm·is a_ control rn th'e c~anr.1el whjd1 pr;~vents the "'effect~ from ext~n Cii ng .· 

··. upstream. Except for the channel control formeq by the-dani , similar effects ·are ·.' 
• eX'perienced at E!ny location which --undergoes a r~duction in seelil]lent supply: ·· -- · 

.. . ~ . __ :. . , .. 
-. "" . . 

. . , 

, ,_ .. ;;:'. 
, . .I -:-

. 'f ' I • .. • t~ 
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' BASE LEVEL ' . 
. ' .. -. . 

' . 
figure 10. Chan£)e~ in Channei_S.Iqpe in 'Respons~ to a 13e·cre_as~ in Sedimerit.S!Jpply at 

-- ' • - - J'- • • ' ~.- - Point C ._,_ ' · t ... · ' ,. .. .. 
..... • ~ 'l_i ,. • .r ... 

Referring-to Figure 7, for a low.si_nuosity oraided _stream, this decrease in slope. below · · -
j he aam could r~?UI~: in an incre~se in sinuosity ~rid ci change in plan_form towarq:a -. = .. 
combination meanderiQg/braided stream. _If the stream· below the ·dam were initially a · ... _ 
meandering stream at near maximum sinuosity for the original slope, the decrease in 
sfope.below th.e" dam could shift the ,planform of the stream toward :a.reduced . - <- ' • -. .. 

'J'- .. ; • ~ .. ~ 1 ..,. .. • •.; .. .. • .... .. ,. ,. 

. sinuo·sity, meandering thalweg channel. These changes in plotting position are .- . · · "' ~ • 
·-illustrated as· ('1) and (2) , respectively, .on Figure. 11 a. ·_ · - · ,. -,. , · - · -" '-:·: · · ·._- · 

.. . .. ,.. .. ' - ,;. , . . . - ... .. 
• • J' • • • • J ~ • .. ~ -~ .• r•' ... ~ 

A. s~milar result ~a-n oe derive9 fro'm Figure 8. For an tnitially braided channel pattern . ~ . 
below the dar:n [(1) on Figure 11 b] , a decrease in slope below the dam could it:Jdicate 

.- a tendency to shift the stream's plotting ·position downward, possibly into ·the - . .- J 

- • ... interm~diate stream range (i.e~, .. a combination 'qf me§m9ering a'tld '_braid~d as ot) ; :_ :-
- _.~ .. ' Figure-11-a). -For. an injtial~y meanderip_g st-ream [(2) on Figure 1 1'b],· the decrease jn 

• 
slope below th_e rdam COUld indicat~ a tendency tOWFlfd a less meandering channel ·.( as 
on Figure 11 a) . It should be noted that both of these· cases have assumed a constant" -
discharge (Q). 
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· . . :·.Figures 11a:and b. Use of G~omorptiic Relationships of Figure 7 ana Figure;8 in ~ · 
. , ~-; ·;. __ -' · ·- _ .· ,_ . '; , _ .. : " .. a ·auaiitative .Arta'ty~ls _.. . - .. , . · . ··: . . · .:· .· . 

- ,.. t' .'' ' ' • ,._ • ~ · tf " • • -"' • ... _ · ~ r • -:, ' - • ' ,.. , ' .. ~··· . . . -~ ·-' ,. ,. ": ' • • • "' . - ~ 

- · As discussed in .Section 2.4.3, th~ effects downsfr_eam· of a dam ate more comple~ · -- · 
· ---th~ r;'a simple red_uctio.n in sedim~nt ~upP,Iy. ·If theJes~ervoir is relatively small and 

· · · water flow rates -downstream ai-e little affected, ·degradation m·ay ocqur downstream 
,·: irlitially arid aggrC;ldation -may th.er:~ .occur .after the reservoir fills with sediments: Except 

- - · .. · ··- ·for locaJ··scour,.downstream of the dam, the new equilibrium gr-ade m'ay approach ·nne . ' 
· : .;, CA (Figure 1 O)"over the long ter.m. This· could apply to a diverslon dam or other small -

• .,.~.- ·d~!}l~~ ih_- a stream ~:·,··~· _' - _:- -. _··. ~-,. ·: __ '-.-- · · _-,·~-': <:· -- · · : _ · .··~~ ·. _ · - ·: .. :'·. ~ 

.. . ··oams· constructed to impound water for flood cont~ol or water supply usually 'have . 
provisions for sediment storage. Over the-economic life of. the project, essentially clear 

-. ~ · yvat~r _is ~released a9wns~tream. - For pract!cal purP.os~s .. ttie ·sediment, s~pply to · · ~" , • 
~-~ dO\A{,tlStream re·ache~ is permahently :reduced. 8-eser.Voirs develpped Jor~ these ": .. ~; . . 

- . '.purpo.ses; however, ~lso Feduce. the watef flow rat~s downstream :. Referring to -- -~> ./-.. _ ; -. 
Equ.ati·on 4;--a reC:fu91ion in discharg~,Q- may have·q 'moderating effect on the .. · ·_ t-··-

- :·r~d~ction in slope S Jand, conseql1.Em.tly, on degradati;n at the da·m CC' in Figure-·1 b. ·if · .. 
• (" J ' ... .. - • 

~ ·. se_diment·discharge or sediment size remain ·constant below the da_m (e.g. ~ a tributary 
- . -.downstr~am continl)eS t9 bring fri a )arg~ sediment qisch~rge )~ tnis \YOUiq be ~.-. ·' ·, . ·. -~-
~~. express'ed as:·'; r. ; , ' . ~ . '..: _., . ., ~ -........... } • ~.: .' .,··-·.:.. . - ,...: ;-...·-~"' . : < 

... .;.; ~ :!' "':"' ... "· ~ ,., ~~- ;: ... _ · .~ .. - .. :; •• .. : ... -·· ...... - :;,...·--~~ r, ..,. ": .. · .· - .. -:; ~· !'"., , .. :-· \, 

.~ ; · - · ' ; ·'Q - S + ~0 D . . :- . ; -· : . .. .. _ . . -· ,_ . 
. .: ..•. ~: ' .· . '.,s 50. ~· J ,··:::r,:'' _ .. -. : . .·· -· ~· . 

. -· 
.. .- Cgrisid~ring the_ mo"re li~ely sce~ario of stream response. to a ·darn .. bot~ VJater . . · -

discharge (Q) anti sedirl)ent di~charge (Qs) wo~ld decrease. lt)s also po~sible thcit ' 
, I'- • • t-.. • • • ,. • • .- ' "' 7- • .. • ~ 

'. .··, sediment size (050) in)he.reach below :the dam:w.ould .increase··dye to armoring·,or· . · :. :- ·-
- . ·._ 1fJhut~rY sedfr{le·nfinflow. -Using Equati~n 4,..,this c9mpiex res~lt cO'pld .be .. expr~sse~ .. <_:: .-:., 

aS~ :-· ... ¥> ri' :·~. ··:, .. ~ ;·~ .,. .. :~· .... _ .. -=· - ~ ··- · ':-- ·~.,..,. - :·. _,. : ~· .::.. ... o-{ .. 
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_ H~re , th~··result!ng response '"in ~lqpe (S~) - would_ depend on the relative magnituge of 
chaf)ges in tn~ other_ variables j n!the·:relationsh)p .; · ·, · · ·· ~ ·, - · -~ · 
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· ~ ~ ·-aii i~h~r!m me~~sri~e~~ec?use exp~rie-~c·e~ has ·s.~o~n-~hatcontin~9a(repla<;ement;)s ~.~ .-, ~ . ~ i 
. usually required. Success rates have been better with ··alluvial-bed .materials where · ; ~·" 

_- 'th·e top ofthe riprap,was placed ' at~or .below the 'elev~tioh of tne streambed. - -·d::_ --~-· r -

r ~ ;• ';: I .6 ~ •........ f' ~ r' ~ ":: ~; -"' - •• - ,;: ; .J .. ( • •- , • ~~ ~ .,. ·.~ •' ; ~ ~ ~c ;,;. ~ ' : '/ ..... ! ""~- ('~; .. ,.. .. ... ' 

,Piles (sheet, H heams. or concrete)' nave been successfully used·_as a retrofit · ~-; . ,--:- . ; 
measure to lower th·e effe_ctive founda!ion __ elevation of strl!~tur..es where_-foC?tings or 

__ .-pile caps have_,b~e!} .exposed_ b.y ?Cour. The pJilng ~s. placed a(o_Uf1d the pile foqtiRgs 
• 'J and anchored ,to the -Ril~- cap or seal t9 retain or resta;re the bea~ing capacity oLthe ' _.. ' . 
~" - fo~ndalio_ri. T~is will ; t)6w~ver~ produce· g~eate! depth of s~our:. ··· . .-· _ _ . · 

·*- ·' -~--" .. . . -:.· .• . ":..r • • ··~--... ~·· • ,.. ·~.. ~ 
• "·· • ,.,..· "·h • .. "· 1. ; • • ,...~-- • ~ ··" .... •• • 

Wh~re sheet pile -cofferdams are us~d . during constn.,Jction,-the sheef piling should ·."·. : :. 
be removed or cut off be.low the ·level of expectea ·contraction sc()l:Jr in order to avoid 
contrib-uting to local scour. Cofferdams ·should not be much wider than the· pier itself 

.- -?in<;;e th -~ effect ma¥ ~b~ .~o greatly-inFea~e local ~s~o!Jr depth.,Leavin.g or :removing · ·,. ~ ... 
~ cofferdams most be p arefully evaluateq because leaving· a coff~rdam,- that is hig'~er. 0

"' _ ·-

- 'Jban .the eontraction. scour elevation r:nay increase ~ocal scour depth. ·Recent work ""' ._ · 
py:Jones g'ives a method to eval~ate the expected_ .scour depths for-cofferdams. (28) .~ '; . 

_,. ·,~ ~ ' _ ... A , - .• ~ . ... • .. - ... J •.. ... • .. .J 1'.,. 
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' ~.4.3 Temporary-Countermeasl)res 

r ~ .. ,.. .. ,. ' :.,. - ~ ' - ;. • ~ 4 

. - • ~ r ,. ,, . ; t ·r-:. _ _,• J· -, ::· _ _ -. -. ~- . ·J- ,. :,l- _ ~ ,..· • 

·. Monitoring or closing a bridge during high flows an'd inspection aft_er the flood may 
.... ·· - ~ ... - - ... - ... · r'" - ;. .. , - -; 

. · 'be a_n effective temp~xar'y counterme_as~·re. How~ver, monitoring··of bridg·es durin·g ! 

J.. .. , !' 

•

. ; .. h.ig'h~ flo~ m~y no~;aet~rmine t~a! ~he'Y_~re a.bout _t6 cflll_apse from_ sc?u~: lt also m~9Y ; ;: _ · . 
· not be _pract1cal to close the bndge dun!lg h1gh flow because of traffic vqlume, no {or 

~ P<?Or) alternate ro!:Jtes, t~e need fq,r eme~gency ve~icles !o· use the bridg~ , ·etc. . . · 
.. - -tJnder: these circumstances , temporary ~cour ·co-u'ntermeasures ' soch ·as· (iprap could . 

• • . - ~ , • - - :..:.- • ": J'-. ~ - ._...,_ .. '. ;-· .. 

· ~ be installed. A temporary countermeasure installed at·a. bridge along with .. . i-
~ • .r " , •. • . ?' • • • t .,. ... 

·· monitoring during 'a~d_inspection after high flows could provide for the 'Security-of:. -· .. _ :_ · -
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can also occur where banks are easily ·eroded.and there is a ·large rangB in discharge. ·The ·· . 
channel becomes w'ic~er afhigh flows;_ and -low~flow forms multiple inte[laced channels. In ·an : 

- anabranched stream, ·f!ovy.is divided by isl~mds ra_ther than bars; arid t~e · a!labranches are Jllore· 
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determine -if there can be 'a _shift from· a meandering chan riel to· a braided one.(?) If, after a '· . · 
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-~ ch$ngE?in -_discharg~ .. G~ slope !h.e st[eaJil ~till plots iiJ th_~- meandering zq_ne, then ·it wjiLr~m~i~n a
meanderrng stream Ho_we~er;· if it moves 'clpser to or int? t h_e bra i_ded ,zone 1 _then t.he stream .. · ·. 
may 'become braide_d: , -:: ... _ /0 
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ea;·d~~: :~b-~nn~i~- ~~a-~-~e- 9:;-ig~~~~;· r1~1d ·l·; : ·a~~ are v~~ w;de. ~-ri~ ~h~~;~~~~~~ -~t,_~_.o6;.fi~~-- . ~ .. 
Th~y present problems at bridge sites. because of the high cost of brid-ging the complete _. 
channel system, unpredictable channel locations and flow directions, and difficulties with ·.c. ~-. 
eroding c_hanriel banks aJ!d in ·maintaining bricfge openirig!? u_nobstruct~d qy ~ars and islan9s. ·.:: ·· 
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_· Co~nte'~m~asures ·u_s-~d _on ~braiged ?'r.td -~~m~oraoched r st~E?a.r-DS aJe u~ua l iy intenqed to"'Co'8fin~ -- _· 
the mu!tip~e channels 't6 o~e channel. J"his~tends to · incr~C?~e sedimenf.tra_n_?port capacity i_n the·· 
prinCipal· channel and .en co~ rage deposition _·in secondary ch_annels. These·rl}easures usually · 
consist of dikes constr'ucted from tne limits of the multip-le channels to the channel over' which 

- the bridge is constructed . Guide bank~ af bridge end!? used in combination with revetment on _ ·. 
highway fi ll sl<;>pes,-riprap.- Qn highway fill SI9P~S only, and s_purs arraoged iD the stream r '-

channels to eonstrict fl<;>w to one channel have als~ been us-ed successfully. ..- ~ .- ·~ 
"". - , . - .... - ... -: r 

Since ~nabra~ches ·ar~- permanent ch~J!nel~ that ·may convey ~ubstantial flow, . dive~sio~- and. 
coofinem~nt of an anabranched stream is likely to be more difficult than. far· a braided stream . 

.. The designer rnay be faced witb a choice of eith.er build fng more than one bridge, buiiding a · 
' long bridge, or dive.rting anabranches·into a single ·channel. · 
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tted ~ieva~i~n proble~s· a;e.common ~n all~vial strea~~. ~egradatimi i ~ st~~ams can ~a~se th~ 
los~ Gt bridge piers_in ~tream chan11~ls ,and can contrib~te to the loss G~ piers and a~utrpents -
located on: ~aving banks. 'Aggradation caUSE?S ·the_loss of wgteiway opening _i n bridges and ,. __ :~ 

_ whE?re char}riel$ be~omEt wide~ pec~use_.of ~ggrgding··str~amb~gs , oyerb~nk. piers and- ; _ .r · ':! .: 

abutm~nts can be undE~rmined . At its worst, aggradatior} may cause str~ams to aba.ndoD·their 
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Cou~termeasur~s u·s~d to' control deg~adati6n include check da~~~and channel · · ~-·;~: 
·linfngs. Check-.dam~-·and structures _wF!ich perform fl,J ... nctions similar. to check-dam·s; · -
include drop structures, cutoff walls, and drop flumes. A check-dam is a low dam or . 
weir constructed.;across -a channel to prevent .d~gradation . . 
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Channel linings_ of concrete and rip rap have proved unsuccessful at stopping .r •. ~ 
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Hydraulic Structures 

jump to occur within the culvert, thus eliminating costly outlet structures. The design 
pro<fdures can be found in Concrete Pipe Handbook (ACPA, 1988) and HEC-14 
(USDOT, FHWA, 1983). 

7.5 Special Channel Structures 

7.5.1 Channel Transitions 

A flow transition is a change of the open channel flow cross section designed to be 
accomplished in a short distance with a minimum amount of flow disturbance. Types 
of transitions are illustrated in Figure 7.30. Of these, the abrupt (headwall) and the 
straight line (wingwall) are the most common. ·. 

Specially designed open channel flow transitions (contractions) are normally not 
required for highway culverts. A culvert is normally designed to operate with an 
upstream headwater pool which dissipates the channel approach velocity and, therefore, 
negates the need for an approach flow transition. The side and slope tapered. inlets for 
culverts are also designed primarily as submerged transitions and are discussed in 
Chapter 5. 

Special inlet transitions are useful when the conservation of flow energy is essential 
because of allowable headwater consideration such as an irrigation structure in 
subcritical flow, or where it is desirable to maintain a small cross section with 
supercritical flow in a steep channel. 

Outlet transitions (expansions) must be considered in the design of all culverts, channel, 
protection, and energy dissipaters. Design considerations for subcritical channel 
transitions are presented in Hydraulic Design of Energy Dissipators for Culverts and 
Channels (USDOT, FHW A, HEC-14, 1983) 

7.5.2 Supercritical Flow Structures 

7.5.2.1 Acceleration Chutes: Acceleration chutes, whether leading into box culverts, 
pipes, or high velocity open channels, are often used to reduce downstream cross 
sections, hence, reducing costs. Chute spillways may be used in connection with both 
off-stream and on-stream detention reservoirs for a control structure and/or a spillway. 

Acceleration chutes are potentially hazardous if inadequately planned and designed (see 
USBR 1974; Peterka 1984; and SCS 1976). High velocity flow can wash out channels 
and structures downstream in short order, resulting in property damage and uncontrolled 
flow. 
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CYLINDRICAL QUADRANT STRAIGHT LINE 

7-68 

WARPED ABRUPT 

WEDGE ABRUPT 

Figure 7.30 
Channel Transition Types 

(Adapted from: USDOT, FHWA, HEC-14, 1983) 
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Hydraulic Structures 

The references cited previously address acceleration chutes in greater detail than can be 
discussed in this manual. Refer to these publications for a detailed analysis. 

/ 
/ 

Chutes have four component parts: 

!. Inlet 

'1 Vertical ·Curve Section 

3. Concrete, Steeply Sloped Channel 

4. Outlet 

Several types of inlets can be incorporated depending on the physical conditions and the 
type of control desired, particularly when using chute spillways for off-stream detention 
facilitii!S. The types of inlets to be considered are: 

• Straight Inlet 

• Box Inlet 

• Side-Channel Inlet 

• Culvert Inlet 

• Drop Inlet 

Nom1:U!y, the flow must remain at supercritical through the length of the chute and into 
the ch:ll1nel or conduit downstream. Care must be exercised in the design to insure 
against :.li1 unwanted hydraulic jump in the downstream channel or conduit. The analysis 
must include computation of the energy gradient through the chute and in the 
downstream channel or conduit. 

7.5.2.2 Bends: Structures are generally unnecessary in subcritical flow channels unless 
the bend is of small radius. Structures for supercritical flows are complex and require 
careful hydraulic design to control the flow . 

Bends :1re normally not used in supercritical flow channels because of the costs involved 
and the hazards introduced. It is possible to utilize banking, easement curves, and 
diaaonal sills (Knapp, 1951). Sometimes outside bank rollover structures might even be 

0 

considered. All of these, however, are generally out of place in urban drainage works. 
Additional design guidelines for open channel bends may be found in Hydraulic Design 
of Flood Control ,.Channels (USACE, 1991). 

\ 

When a bend is necessary, and it is not practical to first take the flow into subcritical 
flow, the designer will generally conclude that ~he channel should be placed in the 
closed conduit for the entire reach of the bend, and downstream far enough to eliminate 
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Floodplain Issues in Transportation Design 
Presentation Outline by Section 

1/3/03 

Section VI: Floodplain and Transportation Encroachment Concepts 

Est. Teaching Time: 50 minutes 
Approx #of Slides: 57 (33 Bullet Point, 24 Figures/Pictures) 

[Start with slide showing major outline for this section] 

A. Hydrology [Start with 1 slide showing outline for this sub-section] 

1. Regional Relationships [1 slide, bulleted, outlining basis of regional 
relationships (gage data, variables, etc.), 2 slides with cover and 
Figure 41 of USGS WSP-2433] 

2. Rainfall-Runoff Relationships [1 slide showing and explaining Rational 
Equation, 1 slide showing Pima County Method Calculation sheet as 
example of rainfall-runoff relationship] 

3. Watershed Modeling [1 slide, bulleted showing and explaining 
concept (i.e ., rainfall , catchments, flow paths, runoff, etc. , 1 slide of 
Figure 2.1 from HEC-1 manual to illustrate Example Model] 

4. Gaged Data [1 slide, bulleted, explaining gaged data and use in flood 
frequency determination (use info from HDS-6, page 2.56), 1 slide 
showing picture of stream gage (maybe use HDS-6, Figure 2.3.1 )] 

5. Future Conditions (No Adverse Impact) [1 slide, bulleted , explaining 
impact of urbanization on flood peaks (increased runoff from paved 
surfaces, decreased travel times, etc.) and highlighting need to 
account for future conditions in design, possibly 1 slide. showing aerial 
photo comparison of natural v. urban watershed] 

B. The Base Flood [1 slide, bulleted, explaining Base ("1 00-year") Flood 
concept including recurrence, making heavy use of information from Pima 
County, May 1991 information booklet, 1 slide showing table of % chance of 
occurrence of various floods over various time periods prepared by California 
FMA] 

C. Floodplain Definition 

1. Broad Definition [1 slide with information from Pima County 1991 
booklet] 

2. Riverine Flooding [1 slide, bulleted, explaining characteristics of 
conventional riverine flooding , 1 slide showing picture (graphic or 
photo) of typical Arizona riverine situation] 

3. Sheet Flooding [1 slide, bulleted, explaining characteristics of sheet 
flooding in Arizona (use pages 1 and 2 from SSA 4-95) , 1 slide 
showing typical sheet flow condition (maybe Figure 1 from SSA 4-950] 

4. Uncertain Flow Path Flooding 

1 
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a) Distributary Flow [1 slide, bulleted , with info from SSA 4-95, 
page 4, 1 slide showing distributary flow condition (Figure 3 
from SSA 4-95)] 

b) Braided Flow [1 slide bullted , with info from SSA 4-95 page 11 , 
1 slide showing schematic of braided flow condition (Figure 8 
from SSA 4-95)] 

c) Anastomosing Flow [1 slide, bulleted , with info from SSA 4-95 
page 7, 1 slide showing anastomosing flow condition (Figure 4 
from SSA 4-95)] 

d) Alluvial Fans [1 slide, bulleted, with info from FEMA Guidelines 
& Specifications for Flood Hazard Mapping Partners, Feb. 
2002, Page G-6, 1 slide showing Figure G-1 from above 
FEMA document] 

D. Dynamic Nature of Streams in the Arid Southwest 

1. Humid vs. Arid Environments [1 slide bulleted, explaining differences 
in humid vs. arid and semi-arid environment streams (i .e., vegetation, 
soil development, cohesive vs. non-cohesive material , stability of 
banks, sediment transport, channel slopes and entrenchment) , 
possibly using information from "Engineering Analysis of Fluvial 
Systems", SLA, 1982, Page 2.11] 

2. Alluvial Nature of Southwest Streams [1 slide, bulleted, outlining 
alluvial nature of streams] 

3. Lateral Erosion, Avulsion and Meandering [1 slide, bulleted , outlining 
different manners and mechanisms of later channel movement, 2 
slides (pictures) showing different types of movement] 

4. Stream Degradation and Aggradation [1 slide, bulleted, describing 
channel profile response to slope, discharge and sediment supply, 1 
slide showing the Lane Relationship (HDS-6, Page 5.30 or HEC-20, 
Page 30)] 

E. River Hydraulics 

1. Manning's Equation for Uniform Flow [1 slide explaining Manning's 
Equation] 

2. Subcritical , Critical and Supercritical Flow Regimes [1 sl ide explaining 
differences between regimes in terms of upstream and downstream 
control] 

3. Stream Roughness [1 slide, bulleted, explaining impact of stream 
roughess on flood depth and profile 

4. Flood Profiles [1 slide, bulleted , explaining computation of flood 
profiles based on conservation of energy and the Bernoulli equation] 

F. Floodplain Delineation 

[Start with 1 slide showing outline for this sub-section] 

1. Information Required [1 slide outlining information needs] 

a) Aerial Photography 
b) Topographic Mapping 
c) Field Investigation 
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2. Flood Profile Determination 

a) One-Dimensional Modeling [1 slide, bulleted, outlining 1-D 
modeling concept, 1 slide showing schematic of modeling 
approach] 

b) Two-Dimensional Modeling [1 slide, bulleted , outlining 1-D 
modeling concept, 1 slide showing schematic of modeling 
approach] 

3. Floodways [1 slide, bulleted, explaining floodway concept, 1 slide 
showing graphical floodway definition from Pima County Floodplain 
Ordinance, Exhibit 1] 

G. Transportation Encroachments and River Response 

1. Types of Encroachments [1 slide listing types] 

a) At-grade Crossings [1 slide (picture)] 
b) Culverts [1 slide (picture)] 
c) Bridges [1 sl ide (picture)] 
d) Other [1 slide (picture) of alternative structure such as a 

causeway] 

2. River Response [1 slide summarizing sub-section] 

a) Scour [1 slide, bulleted , describing phenomenon (use info from 
HDS-6, Page 7-1)] 

b) Erosion , Meandering and Outflanking [1 slide, bulleted, 
describing erosion phenomenon (use info from HDS-6 Page 6-
2), 3 slides (pictures) showing actual examples in Arizona] 

c) Backwater [1 slide, bulleted, describing the phenomenon as it 
relates to impacts at bridges (use info from HDS-6, Section 
1.3.1 )] 

d) The "Long Contraction" and Stream Degradation [1 slide, 
bulleted, describing contraction and contraction scour (use info 
from HDS-6, Section 7.6.1 )] 

e) Debris [1 slide, bulleted outlining nature and importance of this 
phenomenon (use info from HDS-6, Section 5.7.2)] 
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DRAINAGE AREA, IN SQUARE MILES 

Figure 41. Relations between 1 00-year peak discharge and drainage area and plot of maximum 
peak discharge of record and drainage area for gaged sites in the Central Arizona Region 12. 

flood-frequency relation that better fits the data using 
a Cunnane plotting position. The default statistical 
adjustment for this station produced a satisfactory 
relation for the 2- to 100-year floods (Interagency 
A.dvisory Committee on Water Data, 1982, appendix 
5); however, the computed skew coefficient was con
;idered too negative, and the low-discharge threshold 
)f 450 ft3/s was used. 

At streamflow-gaging station 09513910, New 
liver near Glendale, Arizona, use of a low-discharge 
hreshold of 2,500 ft3/s results in a change in the IOO
rear peak discharge from 75,100 ft3/s to 58,800 ft3/s 
fig. 53). The channel bed is permeable sand, and a 
arge percentage of small peaks is lost to infiltration. 
~o peaks were below the statistical threshold for the 
~usted relation, and six peaks were below the low
~iarge threshold of 2,500 ft3/s for the adjusted 

large annual peaks, including the historic peak that 
was outside the period of systematic record. 

High Outliers and Historical Periods 

High outliers can have a significant effect on com
puted flood-frequency relations at gaged sites. High 
outliers are large peak discharges that depart from the 
high end of a fitted flood-frequency relation. Gaging
station records with high outliers usually have a large 
positive skew coefficient and a large variance. Many 
large peaks that are part of the systematic record at 
gaging stations are high outliers because the large 
peak is the maximum for an extended period of time 
that is much longer than the period of systematic 
record. Flood-frequency relations fit to those samples .. .. ... ~ . " .... ... . . ... - -· ... 



• PROJECT NAME AND LOCATION : ADWR/LTAP 2-96 TRAINING 

DRAINAGE CONCENTRATION POINT : VALLEY VIEW WASH AT FLECHA DRIVE 

WATERSHED AREA (A) : 1280 . 00 acres 

LENGTH OF WATERCOURSE (Lc) : 29255 0 ft 

LENGTH TO CENTER OF GRAVITY (Lea) : 16000 . ft 

Li - ft Hi - ft Nbi 

7340 . 2653 . 0 . 0600 
6125 . 477 . 0 .0500 

10300 . 278 . 0 .0400 
5490 . 143 . 0 . 0350 

MEAN SLOPE (Sc) : . 0500 ft MEAN BASIN FACTOR (Nb) : .0422 

WATERSHED TYPE(S) : MOUNTAIN/FOOTHILLS 

RAINFALL VALUES 

EVENT 
2-YR 5-YR 10-YR 25-YR 50-YR 100-YR • p 1 1. 26 1. 59 1. 82 2 . 10 2 . 37 2 . 63 

p 2 1. 37 1. 76 2 . 01 2 . 35 2 . 65 2 . 94 
p 3 1. 45 1. 87 2 . 15 2 . 51 2 . 83 3 . 16 
p 6 1. 59 2 . 07 2 . 40 2 . 81 3 . 19 3 . 56 
P24 1. 88 2 . 52 2 . 95 3 . 50 4 . 00 4 . 49 

SOIL GROUPS 

50 . % B, CN= 82 , COVER TYPE= DESERT BRUSH COVER DENSITY= 30 % 
50 . % D, CN= 91 , COVER TYPE= DESERT BRUSH COVER DENSITY= 30 % 

IMPERVIOUS COVER= 10 . % 

RAINFALL/RUNOFF AND PEAK DISCHARGE DATA 

EVENT 
2 - YR 5-YR 10- YR 25-YR 50-YR 100 - YR 

RUNOFF SUPPLY RATE (q/i) : .312 . 432 0 4 97 . 566 . 616 0 657 
Tc ( FUNCTION OF i ) 106 . 90 93 . 83 88 . 69 84 . 22 81.39 79 . 33 
SOLUTION OF Tc (MINUTES) : 127 90 76 64 57 52 
RAINFL INT. @ Tc (IN/HR) : . 651 1.116 1. 475 1. 988 2 0 4 61 2 . 888 
RUNOFF RATE @ Tc ( IN/HR) : . 203 . 482 . 734 1.125 1. 517 1. 898 

PEAK DISCHARGE (CFS) 262 0 622 . 947 . 1452. 1958 . 2449 . 

• 
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Section 2 

Model Components 

The stream network simulation model capability is the foundation of the HEC-1 
program . All other program computation options build on this option's capability 
to calculate flood hydrographs at desired locations in a river basin. Section 
2.1 discusses the conceptual aspects of using the HEC-1 program to formulate a 
stream network model from river basin data. Section 2.2 discusses the model 
formulation a s a step -by-s t ep process, where the physical characteristics of the 
river basin a re systematica lly represented by an interconnected group of HEC-1 
model components. Sections 2. 3 through 2. 8 d iscuss the functions of each 
component in representing individual characteris tics of the river basin. 

2.1 Stream Network Model Development 

A river basin is subdivided into an interconnected system of stream network 
components (e.g . , Figure 2.1) using topographic maps and other geographic 
information. A basin schematic diagram (e.g., Figure 2 . 2) of these components 
is developed by the following steps: 

Fi gure 2.1 Example River Basin 
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2.9 STREAM GAGING 

2.9.1 Introduction 

The hydrology of the stream at a bridge crossing is determined from records obtained by State 
and Federal agencies. The most extensive records of streamflow are by the U.S. Geological 
Survey. Their records of stream flow and analysis can be obtained for any State at their District 
offices or from their Web Site. The USGS has been collecting stream gaging records since 1888 
(Corbet 1962) and maintain over 4,000 sites in the United States in cooperation with other 
Federal, State, Counties, and Cities. Often a gaging station will be located near the site of a 
bridge crossing . If not, regional or other hydrologic tools can be used to analyze the stations in 
the region to obtain the hydrology for the bridge site . 

The quality of the hydrologic records at a stream gaging site depends on obtaining an accurate 
gage height record and stage-discharge relation. These depend on stream characteristics (bed 
material, cross-section , and control) and, in many cases, the magnitude of the sediment 
transported by the stream. These terms are defined in the glossary and will be defined later in 
this section. For example, the hydrology used for the analysis of the 1987 1-90 bridge failure in 
upstate New York was excellent. There was a gaging station located 22.5 km (14 mi) upstream 
of the bridge. The stream at the gaging site was in bedrock with an excellent control. Thus, the 
stage-discharge relation was well defined with a single curve established with actual discharge 
measurements made over many years and large flows. The gage height record was excellent 
with few time gaps. The stage record for the 1987 storm was excellent. The discharge was 
routed to the bridge from the gage site using the U.S. Corps of Engineers HEC-1 model to obtain 
the hydrology of the flow at the bridge . 

In contrast, the hydrology for the 1997 1-5 bridge failure in California was not well defined. The 
streambed was sand and there was no bed rock control, only channel control. The gage height 
record was good, but the stage discharge relation was poorly defined with no consistent curve. 
The peak discharge for the flood had to be determined using indirect methods with results that 
ranged from to 420 to 1,140 m3/s {14,800 to 40,300 cfs). The range in discharge for the slope 
area measurement resulted from assumptions on Manning's n and the amount of degradation. 
The discharge used in the final analysis 773 m3/s (27,300 cfs) was determined from the slope
area measurement, study of the rainfall records and discharge records of other gages in the 
drainage basin. 

A program to obtain a systematic record of the stream flow consist of (1) establishing and 
constructing a streamflow measurement station , (2) operating and maintaining the station, and 
(3) computing, compiling and publishing the stream flow data. In addition , analyses of the long
term stream flow data are made (flood frequency, low flow analysis, trends). The methods of 
obtaining water discharge records are described in publications of the USGS (Corbet 1962, 
Carter and Davidian 1968, Buchanan and Somers 1968a,b, and Kennedy 1983). In the following 
sections a typical gaging station , discharge measurement, stage discharge relation and the 
determination of the daily discharge will briefly be explained . 

2.9.2 Gaging Station 

A gaging station consists of structures and equipment to measure and record the stage and 
discharge as a function of time at a given site on a stream. Stage or gage height is the height of 
the water surface above a chosen arbitrary datum corresponding to the zero of the gage. The 
zero of the gage is related to sea-level elevation. An accurate record of stage is essential for 
computing the discharge for any period of time. Discharge is the rate of flow in m3/s or cfs . 
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Typical gaging stations are illustrated in Figure 2.31 and 2.32. In many gaging stations, a 
manometer and gas under pressure bubbling into the stream are used to measure stage instead 
of a float, well and pipe intakes (Figure 2.33). The stage versus time is recorded by pen on 
paper, or electronically on tape, or both. Figure 2.34 illustrates a stage versus time chart. Also, 
at many stations the stage is transmitted over phone lines or satellite to a central location. 

Discharge is measured using a current (velocity) meter by wading at low flow and from a 
cableway or highway bridge at high flows. The procedure for an actual current meter 
measurement is described in the next section. In many cases, large flows are measured by 
indirect methods such as a slope-area measurement using Manning's equation; however, the 
preferred method is to use a current meter measurement. 

Figure 2.31. Gaging station well and shelters (from Buchanan and Somers 1968a). 
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FLOODPLAIN DEFINITION 

BROAD DEFINITION 

According to the Merriam-Webster Dictionary: 

Floodplain is defined as, "a plain that may be 
submerged by floodwaters", 

Floodwaters are described as, "the water of a flood", 
and 

Flood is defined as, "a great flow of water over the 
land" 

Based on the definitions given above, a floodplain 
can be anything from the small puddle below a roof 
drain after a light rain to the covering of the earth 
with water during the 40 days and nights of rain as 
described in the Book of Genesis in the Old 
Testament. In other words, a floodplain can be any 
inundation of land by water. 

THE BASE (OR "100-YEAR") FLOOD 

Definition 

In view of the rather broad definition of "floodplain" 
one must ask "what floodplains are important?". Do 
we need to worry about the amount of water at the 
bottom of the roof drain every time it sprinkles? 
Probably not. How then do we limit the definition of 
floodplain with which we are concerned? 

1 

• • One way to limit the definition of floodplain is to limit 
the definition of the magnitude of the flood which 
creates it. Large floods created by heavy rains are 
of more interest than small floods, particularly in 
terms of danger to life and property. Large floods 
are typically distinguished from small floods by 
referring to the likelihood with which they occur: large 
floods are less likely or less probable to occur than 
small ones. Using likelihood or probability to define 
floods is the basis of the concept of the 1 00-year 
flood or base flood. 

The Federal Emergency Management Agency (FEMA) 
defines the base flood as: 

"the flood having a one percent chance of 
being equalled or exceeded in any given year." 

The above definition is the one which most local 
floodplain management agencies use. 

Due in part to ease of interpretation, a one percent 
chance came to be more commonly considered as a 
"one-in-one hundred" chance, and correspondingly the 
base flood became known as the flood which had a 
chance of occurring "once every hundred years". As 
a result, the base flood became known as the "1 00-
year flood", and the land area inundated by the 100-
year flood became known as the "1 00-year 
floodplain". 

2 
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Risk vs. Time: The 100-year Myth 

The term "1 00-year flood" has caused a great deal of 
confusion. The base (or 1 00-year) flood has a one 
percent chance of occurring in any given year. That 
does not mean it has to happen once every hundred 
years, nor that it will happen only once in a hundred 
years. 

A good way to understand the probability concept of 
the base flood is to compare it to a lottery. You can 
buy lottery tickets which each have a very sm~ll 
chance of winning, say one in a million, and wm 
twice in a rowl Or you can buy tickets your whole 
life and not win a dime. The base flood concept 
operates in much the same way. .Although. its 
probability of occurring is one percent m any g1v~n 
year, it can happen twice in one year or not at all 1n 
a thousand years. 

REGULATORY FLOODPLAIN 

Local regulatory agencies oversee activity in the 
regulatory floodplain in order to ensure the health, 
safety, and welfare of the general public. 

The floodplain administrators of the incorporated and 
unincorporated areas of Pima county regulate the 
1 00-year floodplain as defined above. In some 
cases, like the roof drain example, the runoff 
associated with a 1 00-year flood may be so small 
that the danger posed is minimal. Most local 
agencies only regulate those areas where the base 

3 
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• • flood produces a flow of at least 50 to 1 00 cubic feet 
of water per second (50 to 100 cfs). 

The definition of regulatory floodplain varies slightly 
from community to community, but the areas 
regulated fall into the general categories described 
below. 

Federally-Determined Floodplains 

Under the National Flood Insurance Program (NFIP), 
FEMA has developed Flood Insurance Rate Maps 
(FIRMs) which define the flood hazards for many, but 
not all, of the watercourses within incorporated and 
unincorporated Pima County. The FIRMs identify the 
Special Flood Hazard Areas (SFHAs), i.e., those 
areas subject to inundation by the base flood. 
However, the FIRMs show the SFHAs only for those 
watercourses covered by the study which produced 
the FIRMs. In other words, there may be (and 
usually are) regulatory floodplains within a community 
which are not shown on the FIRM maps. 

The FIRMs for a community are developed based on 
Flood Insurance Studies (FISs) . These maps provide 
insurance rating information and serve as the 
foundation for floodplain management by individual 
communities. Federal law requires that flood 
insurance be obtained as a condition of a federally
backed mortgage or loan that is secured by a 
building located within an SFHA. Federally
subsidized flood-insurance is made available to 
residents of Pima County because the individual 
communities participate in the NFIP. 

4 
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Introduction 

Sheet flooding is a type of surface water runoff that occurs on broad, unconfmed floodplains 
with low relief. Sheet flooding can occur in urban, rural, and natural areas. Because sheet 
flooding often occurs in areas that lack defined stream charmels, identification of sheet flood 
areas can be difficult. Although types of sheet flooding have been identified in every geographic 
region of Arizona, floodplain management standards for sheet flood areas are generally lacking. 
This state standard for development in sheet flow areas is intended to promote sound floodplain 

management of these unique hazard areas. 

This document details minimum floodplain management standards for identification of and 
development within sheet flooding areas in Arizona. Types of sheet flooding are defined, and 
identifying characteristics are given for each type. Flood hazards associated with sheet flooding 
are described. General floodplain management requirements and recommended development 
guidelines are presented. Three methods of sheet flow hydraulic analysis are presented which 
reflect increased levels of complexity and accuracy. Finally, sample applications of the standards 
are provided to demonstrate application of the development standards. 

Definitions and Identifying Characteristics 

Sheet flow is a loosely defined term, as it is used in Arizona. In general, the term "sheet flow" 
may refer to any form of unconfined runoff that occurs over a broad, expansive area. This broad 
definition of sheet flow incorporates several more narrowly defined flow types, including natural 
(classic) sheet flow, urban sheet flow, agricultural sheet flow, overland flow, perched flow, 
anastomosing flow, and distributary flow. The variety of terms used for sheet flow probably 
reflects the variety of flow types that occur within specific geographic regions of the state. For 
this study, definitions of types of sheet flooding are provided for use by regulatory agencies. 
The term "sheet flow" will be used generically, to include all types defined within this document. 

In general, sheet flooding in Arizona may have the following characteristics: 

• 

• 

• 

The primary identifying characteristic of sheet flow is that a significant part of 
floodwater is not conveyed in a single, well-defined charmel. Flood flow is conveyed 
over the uncharmelized land surface. 

Water moving over a smooth stable surface does not move as a uniform film. If the 
surface is broad, the sheet differentiates into parallel streams of greater depth and 
relatively rapid flow, separated by shallower bands of relatively sluggish flow; and at the 
same time, both streams and intervening bands differentiate into series of transverse 
waves which move forward more rapidly than the body of the undifferentiated sheet. 

Sheet flow over poorly vegetated surfaces often has the ability to transport large 
sediment particles relatively large distances over low slopes without significant reduction 
in sediment diameter, angularity, or degree of sorting, such as may be considered typical 
of most well defined streams. 
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• Sheet flooding has markedly different hydraulic characteristics for sectiment laden and 
sectiment deprived flows. Sheet flooding may not have gradually varied or steady flow, 
and may have a strong two-ctimensional character. 

• Significant loss of flow volume may occur during sheet flooding due to infiltration and 
other abstractions. 

• Sheet flow often enters a larger channel or drainage system that intersects its flow, but 
occasionally dissipates due to infiltration or other loss mechanisms before ever reaching 
a channel. 

In addition to these general characteristics of sheet flow, the specific types of sheet flow found 
in Arizona have unique identifying characteristics, described below. 

Natural Sheet Flow 

Natural sheet flow is flowing water characterized by a tendency to spread widely in relatively 
shallow sheets over gently sloping areas with low topographic relief which lack defined drainage 
systems. Figure 1 shows a natural sheet flow area. 

Identifying characteristics of natural sheet flow areas include: 

• 

• 

• 

• 

• 

Low topographic relief perpendicular to the primary flow direction . 

Very poorly defined channels (or none) downstream of a relatively large drainage area . 
When viewed on aerial photographs, no channel banks may be readily identified. 

Very uniform vegetative characteristics that extend laterally over an expansive area 
affected by sheet flow. Many natural sheet flow areas are covered by grass. 

Soil characteristics may not be visible on aerial photographs due to vegetation density . 
Soils characteristics are usually very uniform within the sheet flow area. In lower desert 

regions, very little surficial soil reddening may be present. 

Soil units mapped by the Soil Conservation Service as floodplain soils . 
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Urban Sheet Flow 

Urban sheet flow occurs where development has obscured natural drainage patterns or where 
urban drainage facilities are severely undersized. Urban sheet flow areas differ from natural 
sheet flow areas in that identifying soil and vegetative characteristics may be obscured by 
development. Urban sheet flow areas are usually identified from historic records ofunconfmed 
flooding. Urban sheet flow areas occasionally may be identified by detailed topographic maps 
that show low relief in known flooding areas. Figure 2 shows an urban sheet flow area. 

Identifying characteristics ofurban sheet flow areas include: 

• Low topographic relief perpendicular to the primary flow direction. 
• Lack of defined channels downstream of a relatively large drainage area. 
• Significant flow in streets during ordinary rainstorms. 

Distributary Flow 

Distributary flow areast have channels which split and rejoin in a complex pattern. The number 
of channel forks commonly exceeds the number of channel confluences, creating a distributary, 
rather than tributary drainage pattern. The separate channels downstream of a channel fork may 
have terraces independent of other channels within the distributary flow system. A distributary 
channel is a stream branch flowing away from the main stream and not rejoining it. Distributary 
flow may be characterized as sheet flow with a strong channelized flow component. Figure 3 
shows a distributary flow area. 

Identifying characteristics of distributary flow areas include: 

• 

• 

• 

• 

Low, but distinguishable topographic relief perpendicular to the primary flow direction . 
Topographic relief is sufficient to create isolated islands during flood conditions within 
the overall floodplain. 

Channels which divide in the downstream direction so that the number of flow paths 
conveying floodwaters increases in the downstream direction. Distributary flow may 
occur on alluvial fans. 

An increase in vegetative density along flow lines, with more uniform upland vegetation 
types found between flow lines, extending laterally over an expansive area. 

Soils units mapped by the Soil Conservation Service as alluvial fan terraces, inactive 
alluvial fans, or alluvial fans. 

See Hjalmarson and Kemna, 1991 for additional information. 
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SJIORI DJSTANCf WELL-DEFINJO: D STREA.M OR 
RIVULET 

ILLUSTRATION OF OVERLAND FLO'V 

Figure 6 

Perched Flow 

Perched flow originates along well-defined channels where overbank flooding becomes 
separated from the main flow path, and develops hydraulic characteristics unique from the main 
channel. For this study, and for the proposed state standard, perched flow is not considered to 
be sheet flow, unless it meets other characteristics described above. Perched flow is illustrated 
in Figure 7. 

Braided Flow 

Braided flow occurs where flow within a well-defined channel or floodplain is divided into 
separate flow paths created by shifting patterns of sediment deposition. Braided flow is not a 
form of sheet flow. Braided flow is illustrated in Figure 8. 
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Figure 7 and Figure 8 
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UPSTREAM BREAKOUT 
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FIGURE 7 

ILLUSTRATION OF PERCHED FLOW 

CROSS - SECTION 

WELL · DEFINED BANKS 

FIGURE 8 

ILLUSTRATION OF BRAIDED FLOW 

PLAN VIEW 
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• During large floods, the distribution of flow between various existing distributary flow 
paths may not be predictable. However, flow lines are relatively stable, especially during 
smaller floods. 

• Large floods may cause isolated or widespread bank erosion, or sediment deposition 
within the channel which changes channel capacity or may change overbank conveyance. 

Anastomosing Flow 

Anastomosing2 flow is quasi-sheet flooding with slightly incised flow lines which creates a 
system of interwoven channels. This type of anastomosing is found in intermittent to perennial 
stream systems with net long-term erosion, in contrast to braided streams which are 
characterized by net long-term deposition, and which occur within well-defined floodplains. 
Anastomosing flow differs from sheet flow (greater) and distributary flow by the (lesser) degree 
of flow line incision. Anastomosing streams are geologically temporary features. Figure 4 
shows an anastomosing flow area. 

Identifying characteristics of anastomosing flow areas include: 

• An anastomosing stream has branching, interlacing, and interconnecting flow paths, 
which produce a net-like or braided appearance . 

• 

• 

• 

• 

2 

Anastomosing flow areas have slight topographic relief perpendicular to the primary 
flow direction. 

Anastomosing flow areas have poorly defined channels downstream of a relatively large 
drainage area. When viewed on aerial photographs, channel banks may not be visible 
for large portions of the anastomosing alluvial surface. Anastomosing may occur on the 
lowest portion of alluvial fans. 

An increase in vegetative density may occur along flow lines in anastomosing flow areas, 
with uniform vegetative characteristics between flow lines, extending laterally over an 
expansive area. 

Soils mapped by the Soil Conservation Service as floodplain soils . 

The term anastomosing means netted; intervened; and is also used to describe leaves marked by cross veins 
forming a network; sometimes the vein branches meet only at the margin. 
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Guidelines and Specifications for Flood Hazard Mapping Partners 

G.2.1 Stage 1: Recognizing and Characterizing Alluvial Fan 
Landforms 

As defined in this Appendix, alluvial fan flooding occurs only on alluvial fans. Therefore, the 
first stage of the process is to determine whether the landform in question is an alluvial fan. If, 
after following the guidelines in this subsection, the Mapping Partner concludes that the 
landform is not an alluvial fan, then the methods described in this Appendix are not intended for, 
or necessarily applicable to, the landform in question. 

An alluvial fan is a sedimentary deposit located at a topographic break such as the base of a 
mountain front, escarpment, or valley side, that is composed of streamflow and/or debris flow 
sediments and has the shape of a fan, either fully or partially extended. These characteristics can 
be categorized by composition, morphology, and location as discussed in Subsections G.2.1.1, 
G.2.1.2, and G.2.1.3 . 

[February 2002) 

G.2.1 .1 Composition 

Alluvial fans are landforms constructed from deposits of alluvial sediments or debris flow 
materials. These deposits, "alluvium", are an accumulation of loose, unconsolidated to weakly 
consolidated sediments. Alluvium refers to sediments transported by either streamflow or debris 
flows . Geologic maps and field reconnaissance can be used to determine whether the landform 
is composed of alluvium. 

[February 2002) 

G.2.1.2 Morphology 

Alluvial fans are landforms that have the shape of a fan, either partly or fully extended. Flow 
paths may radiate outward to the perimeter of the fan; however, drainage may exhibit a range of 
patterns such as dendritic, anastomosing, and distributary. Topographic maps and aerial photos 
can be used to assess this criterion. 

[February 2002] 

G.2.1.3 Location 

Alluvial fan landforms are located at a topographic break where long-term channel migration and 
sediment accumulation become markedly less confined than upstream of the break. This locus 
of increased channel migration and sedimentation is referred to as the alluvial fan apex. 

The topographic apex is at the extreme upstream extent of the alluvial fan landform. The 
hydrographic apex is the highest point on the alluvial fan where there exists physical evidence of 
channel bifurcation and/or significant flow outside the defined channel; its location may be 
either coincidental with, or at a point downstream of, the topographic apex as seen in Figure G-1. 

Section G.2 G- 6 February 2002 Edition 
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Guidelines and Specifications for Flood Hazard Mapping Partners 

Topographic Apex 

• .. 

. ·: .. ......... . 

Figure G-1. Alluvial Fan With Entrenched Channel Leading To Active Deposition 
at Distal Part of the Fan. Original Published as Figure 3-2 in Alluvial Fan Flooding 
(National Research Council, 1996). Reproduced with Permission From the 
National Research Council; Annotations Added by FEMA. 

[February 2002] 
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2.3 .rshed Classification 

There are many factors which combine to charac
terize a watershed. At present there is no widely 
accepted classification system used to categorize up
land watersheds. This is largely because of the wide 
diversity of watersheds and watershed conditions and a 
greater interest in river classification systems. 
However, as our population continues to expand and 
interest continues to increase in environmental 
issues, more emphasis will be placed on water, mine~al 
resources, timber, energy, recreation, and residential 
uses on upland watersheds. This will require a better 
understanding of processes and responses and better 
classification schemes. 

Research has identified various methods for quan-
tifying watersheds according to morphological 
measures. Horton (1945) was one of the first to 
recognize and utilize the relationship between stream 
order and number and length of streams in that order 
(see Chapter V). Langbein et al. (1947) and Strahler 
( 1952, 1957) developed methods for determining addi
tional watershed indices. Many morphological charac
teristics and their related measurement techniques 
have been summarized by Chow (1964). Some of the 
widely used characteristics are watershed area, stream 
length, average main stream slope, drainage depsity 
(miles of stream per square mile of watershed area) , 
measures of watershed shape such as circularity ratio 
(ratio of basin area to area of circle with same peri
meter as basin), and watershed slope (such as average 
overland slope or relief ratio which is the total 
watershed relief divided by the distance from the 
outlet to the furthest point on the ' basin divide). 

A watershed cannot be completely described by 
these measures alone. Indices of soils, geology, 
vegetation, hydrology, and hydraulics are also needed 
for an accurate description. Pfankuch (1975) and 
Rosgen ( 1975) have presented methods for delineating 
important watershed channel characteristics that can 
lead to numerical and descriptive classifications of 
the channels. This is a posit·ive step that should be 
extended to other parts of th~ watershed system. For 
example, a rating system for classification of sedi
ment sources and yields from watersheds would be help-

2.10 

ful. Simons, ward, and Li (1979).ve deli 
important sources of sediment in watersheds, bu 
effort to establish a complete quantification 
is needed. 

Using the groups outlined in Section 2.2, 
possible to develop a framework for watershed c 
f ication. This proposed framework, Table 2. 
based on the primary needs for quantifying and 1 

ing watershed processes. 
As Table 2.1 indicates, there are many po 

combinations of components for watershed class 
tion. However, such a system can provide a ' 
basis for comparison of different watersheds. 
example, a watershed could be classified as she 
Table 2.2. Although Table 2.2 gives fairly g1 
descriptions, it does indicate the myriad ite 
information needed to fully describe and clasE 
watershed. 

2.4 Special Considerations in Arid Regions 

Dryland landscapes are quite different from 
of more humid regions. The topography and lane 
are more abrupt, the soils are thinner, the be 
exposures are usually more pronounced and the s 1 
are smaller and are likely to be dry for .at leas1 
of the year. Overall, the. physical environmen 
f .lects the lack of water and mechanical weatherix 
erosion predominates over chemical weatherin~ 

solution, as .compared to a humid environment. 
In a humid environment, high precipitation 

duces vegetation and soils that are well developE 
stabilized. Under these conditions, natural s1 
generally carry small suspended sediment loads 
fleeting this stability in the upland water~ 
Additionally, high precipitation produces a diJ 
effect on the sediments that are eroded. 

In contrast, dryland streams normally carry 
sediment loads from erosion by both wind and "' 
The precipitation generating the erosion in a dx 
environment usually results from small storm 
that may be limited in areal extent, but can pi 
high-intensity rain and rainfall energy. This ty 
storm produces "flashy" runoff with pronounced · 
city for sediment removal and transportation. 
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predict the effects and magnitude of future human activities; and (4) applying a knowledge of 
geology, soils, hydrology, and hydraulics of alluvial rivers. 

To predict river response to channel modifications is a very complex task. A large number of 
variables are involved in the analysis. These variables are interrelated and can respond to 
changes in a river system in the continual evolution of river form. The channel geometry, bars, 
and forms of bed roughness all change with changing water and sediment discharges. 
Because such a prediction is necessary, methods have been developed to predict the 
response of channel systems to changes both qualitatively and quantitatively. 

5.5.1 General River Response to Change 

Quantitative prediction of response can be made if all of the required data are known with 
sufficient accuracy. Usually, however, the data are not sufficient for quantitative estimates, and 
only qualitative estimates are possible. Examples of studies that have been undertaken by 
various investigators for qualitative estimates follow. Lane (1955) studied the changes in river 
morphology caused by modifications of water and sediment discharges. Similar but more 
comprehensive treatments of channel response to changing conditions in rivers have been 
presented by Leopold and Maddock (1953), Schumm (1971, 1977), Santos-Cayado (1972), 
Richards (1982), ASCE (1983), Thorne et al. (1997), Thorne (1998), and Knighton (1998). 
Research results support the following general statements: 

1. 

2. 

3. 

4. 

5. 

6. 

Depth of flow is directly proportional to water discharge and inversely proportional to bed 
material discharge, 

Width of channel is directly proportional to water discharge and to bed material discharge, 

Shape of channel expressed as width-depth ratio is directly related to bed material 
discharge, 

Meander wavelength is directly proportional to water discharge and to bed material 
discharge, 

Slope of stream channel is inversely proportional to water discharge and directly 
proportional to bed material discharge and grain size, and 

Sinuosity of stream channel is proportional to valley slope and inversely proportional to bed 
material discharge. 

It is important to remember that these statements pertain to natural rivers and not necessarily 
to artificial channels with bank materials that are not representative of sediment load. In any 
event, the relations will help to determine the response of water conveying channels to change. 

Bed material sediment transport (Qs) can be directly related to stream power ('toV) and 
inversely related to the fall diameter of bed material (050 ). 

(5.14) 

Here 'to is the bed shear stress, V is the cross-sectional average velocity, W is the width of 
the stream and Ct is the volumetric concentration of fine sediments. Equation 5.14 can be 
written as: 

5.29 



• 

• 

• 

0 
_ r yo s w v C1 = r as C1 

s Dso Dso 
(5.15) 

If the specific weight, y. is considered constant and if the concentration of wash load Cf can be 
incorporated in the fall diameter, 0 50, then the relationship can be expressed as: 

(5.16) 

which is the relationship originally proposed by Lane (1955), except Lane used the median 
diameter of the bed material as defined by sieving instead of the fall diameter. The fall 
diameter includes the effect of temperature on the transportability of the bed material , but use 
of physical diameter is sufficiently precise for most qualitative analyses. 

The proportionality represented by Equation 5.16 is very useful to qualitatively predict channel 
response to climatological changes, river modifications, or both. Two simple example problems 
are analyzed using Equation 5.16. 

In a first example, consider a tributary entering the main river at point C that is relatively small 
but carries a large sediment load (Figure 5.21 ). This increases the sediment discharge in the 
main stream from Os to Q~ . It is seen from Equation 5.16 that, for a significant increase in the 

sediment discharge ( Q~ ) the channel gradient (S) below C must increase if Q and Dso remain 
constant. The line CA (indicating the original channel gradient) therefore changes with time to 
position C'A. Upstream of the confluence the slope will adjust over a long period of time to the 
original channel slope. The river bed will aggrade from C to C'. This change may induce a 
change in the channel morphology downstream of point C as the downstream reach may tend 
toward braiding. This possible change in planform geometry must be considered if any 
structure is to be built between points A and C'. 

Figure 5.21. Changes in channel slope in response to an increase in sediment load at Point C. 

In a second example, the construction of a dam on a river usually causes a decrease in 
sediment discharge downstream. Referring to Figure 5.22, and using Equation 5.16 and the 
earlier discussion, it can be concluded that for a decrease in bed material discharge from Os to 
Q~, the slope S decreases downstream of the dam (assuming discharge and sediment size 
remain unchanged). In Figure 5.22, the line CA, representing the original channel gradient, 
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Quantitatiye prediction of response can be.made if all of the required data ar~ known with 
· sufficient .accuracy. However, available data are usuaily not sufficient for quantitative estimates, 
..Ji!d only qualitative estimc.ttes are possible. Examples of studies that have peen undertaker) by 
.. ious investigators for qualitative estimates follow. Lane studied the changes in strea·m · 

morphology caused by modifications of water and sediment discharges.(9) Similar but more 
compreh~nsive treatments of channel response to changing conditions in streams have been 
presented by Leopold and.'Maddock: .Sch~mm', and Santos-ca'yado.(10,11 ,12) Ail research results 

- supporHhe relationship ·originally proposed by l.:.ane: · · · 
. ~ .. ~ 

QS .. oc. OsDso (4) 

where: 

Q = discharge· 
· S .= energy slope . 
Q 5 = sediment discharge 
050 "= median sediment size 

Equation 4 is very useful to predict quaJitatively channeJ response to clil)latological changes, 
stream m'odifications, or. both .·The geomdrphic relation ex'pressed is only an initial step in 

. analyzing long-term channel :respons'e problems. However·, this initial 'step is useful because it 
warns of possible future difficulties related to channel modifications. Examp.les of its use. are given 
in Sectjon~2.4.4 and in HIRE.(4) < • • r • ~ 

tJ.4 Aggrad~tiO~ioegr~dalion and the sEidiment c~rltinuity cO~Cept 
. . . 

2.4.1 Aggradation/Degradation 

Aggradation and degradation are the vertical raising and -lowering, respectively; ofthe 
streamb.ed over relatively long '<;JistarJces· and time frames. Suet\ cha~·ges· can b~ the 

· resu_lt of both natural and man-induced changes· in the watershed. The sediment' · 
continuity concept is the primary principle applied io both qualitative and quantitative 
·analysis of bed elevation changes: After an introduction to the concept-of sediment 
continuity, some factors causing a bed elevation change are reviewed. · 

·. 2.~.2 Ov~rview o~ the S~diment ~ontin~ity Concept 

The amount of 'Tlaterial transpo~ed , eroded, or qeposited in an allu'\Jial channel is a . 
function of sediment s·upply and channel transport capacity. Sediment supply is 
provided from the tributary watershed and from any erosion occurring in the upstream 
channel~ Sedime·nt transport capacity is 9 function of the size of sediment, the 

·. discharge of ttie stream, and th.e geo'metric and hydraulic properties of the channel. 
When the transport capacity (sediment outflow) ·equals sediment supply (sedime'nt · 
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. inflow), a state <;:>f equilibrium exjsts. 

Application of the-sediment continuity concept to a single channel reach illustrates the 
relationship between sediment supply and transport capacity. Technically, the 
sediment continuity concept states that the sediment inflow minus the sediment 
outflow equals th.e time rate of ch_ange of sedimeQt volume in a giyen reach. More 

. sim'ply stated, during a given time period the amount of sediment coming into the . 
. re.ach mil] us the arnount l~aving the downstream end of the reach equals the change 
in the amount ofsedJment stored in that reach (see Figure 9). The. se_diment inflow to : 
a ·given reach is-defined by the se.diment supply from· the watershed ('l.Jpstream of the 
study reach plus any significant lateral input directly to the study reach). The transport 
capacity of the channel within the given reach defines the sediment outflow. Changes 
in the sediment volume wit~in the reach occur when the total input to t~e:· reach . r ; 

· (sedimen! supply) _is not ~qual_ to the downstream <;>utput (~edim·en~ transp9rt 
capacity). When the sediment supply is less than the transport capacity, erosion 
(degradation) wili'occur in the reach so that the transport capacity at the outlet is 
satisfied , unless controls exist that limit erosion. Conversely, when the ·sediment 
supply is greater than th~ transport capa_city, deposition (aggradation) will occur in the 
r'each. · ; · · · · · · 

Sediment OUt:ffOw: 
(Volume} 

. -

Sedimem JOfliow 
(VOO!rne.) 

Chmlge j"' VGrume - tnnow ; Ol::illlew-
[ ~ ~&, ef®ion. WJ~ oa:u~ -

tf ~~~on wilt oW.Jr· 

Figure 9. Definition Sketch of Sediment Continuity Concept Applied to a Given Channel 
· · Reach .over a Given Time Period 

. Controls that limit erosion may either be man made or natural. Man-made controls 
included bank ptotection works, grade control structures, and stabiiized_ bridge 
crossings. Natu[a·l controls can be geologic, sucb as ·outcropping.s, or-~ the presence of 
significant coarse sediment material iri the channel. The presence of coarse material 
cari result in the formation of a surface armor layer of larger sediments th_at are not 
transported by 'a~erage flow conditions. . , ' · , . · 
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CHAPTER 7 

SCOUR AT BRIDGES 

7.1 INTRODUCTION 

7.1.1 General 

Scour at highway structures is the result of the erosive action of flowing water removing bed 
material from around the abutments and piers which support the bridge and bed and bank 
material of the stream the structure crosses. Both scour at highway structures and stream 
migration (instability) can cause a bridge failure. 

All material in a streambed will erode. It is just a matter of time. However, some material such 
as granite may take hundred's of years to erode. Whereas, sand bed streams will erode to the 
maximum depth of scour in hours. Sandstone, shales, and other sedimentary bedrock 
materials, although they will not erode in hours or even days will , over time, if subjected to the 
erosive forces of water, erode to the extent that a bridge will be in danger unless the 
substructures are founded deep enough. Cohesive bed and bank material such as clays, silty 
clays, silts and silty sands or even coarser bed material such as glacial tills, which are 
cemented by chemical action or compression, will erode if subjected to the forces of flowing 
water. The erosion of cohesive and other cemented material is slower than sand bed material , 
but their ultimate scour will be as deep if not deeper than the scour depth in a non-cohesive 
sandbed stream (Briaud et al. 1999). It might take the erosive action of several major floods 
but ultimately the scour hole will be equal to or greater in depth than with a sand bed material. 

This does not mean that every bridge foundation must be buried below the calculated scour 
depth determined for non-bedrock streams. It does mean that so-called bedrock streams must 
be carefully evaluated. 

Scour at bridge crossings is a sediment transport process. Long-term degradation, general 
scour, and local scour at piers and abutments result from the fact that more sediment is 
removed from these areas than is transported into them. If there is no transport of bed 
material into the bridge crossing , clear-water scour exists. Transport of appreciable bed 
material into the crossing results in live-bed scour. In this latter case the transport of the bed 
material limits the scour depth . Whereas, with clear-water scour the scour depths are limited 
by the critical velocity or critical shear stress of a dominant size in the bed material at the 
crossing . 

7.1.2 Costs of Bridge Failure from Scour 

Hydraulic factors (scour/ice/debris) cause 60 percent of bridge failures in the United States 
(Shirole and Holt 1991 ). In the United States there are over 580,000 bridges in the National 
Bridge Inventory. These numbers include federal highway system, state, county and city 
bridges. Approximately 84 percent of these bridges are over water. Bridge failures cost 
millions of dollars each year as a result of both direct cost necessary to replace and restore 
bridges, and indirect costs related to disruption of transportation facilities. However, of even 
greater consequence is loss of life from bridge failures . Chang, in a 1973 study for the 
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6.2 STREAM BANK EROSION 

The erosion, instability, and/or retreat of a stream bank is dependent on the processes 
responsible for the erosion of material from the bank and the mechanisms of failure resulting 
from the instability created by those processes. Bank retreat is often a combination of these 
processes and mechanisms varying at seasonal and sub-seasonal time scales. Changes in 
channel geometry with time are particularly significant during periods when alluvial channels 
are subjected to high flows. The converse situation exists during relatively dry periods. Erosive 
forces during high flow periods may have a capacity approximately 100 times greater than 
those forces acting during periods of intermediate and low flow. In most instances when 
considering the instability of alluvial rivers, it can be shown that approximately 90 percent of all 
river changes occur during the small percentage of the time when the discharge exceeds the 
dominant discharge. 

Regardless of the fact that the majority of bank changes occur during comparatively short time 
periods, there may also be regions within a river in which some degree of instability is exhibited 
for all flow conditions. Raw banks may develop on the outside of bends as a consequence of 
direct impingement of the flowing water. Sloughing banks may occur as a result of seepage 
and other secondary forces created by water draining back through the banks into the river. 
Continuous wave action, generated either naturally or by human activities, may also precipitate 
erosion problems. 

6.2.1 Causes of Stream Bank Failure 

Bank retreat processes may be grouped into three categories: weakening and weathering 
processes, direct fluvial entrainment, and mass failure. HEC-20 (Lagasse et al. 2001) provides 
more detail on these processes. The impact of these processes on bank retreat is dependent 
on site characteristics, especially near-bank hydraulic fields, bank height, and the geotechnical 
properties of the bank material. Table 1 lists factors affecting bank erosion. 

Table 6.1. Factors Affecting Erosion of River Banks. 
A. Hydraulic B. Geomorphic C . Human D. Biological E. Climatic F. Other 

Factors Factors Factors Factors Factors 
Fluid Properties River Planform Agricultural Activities Vegetation Freezing Subsurface Flows 
Specific Weight Meandering Mining Trees Ice Thickness Seepage Forces 
Viscosity (Temp) Straight Dams Shrubs Duration Piping 

Flow Characteristics Braided Navigation Grass Frequency Waves 
Discharge Anabranched Transportation Animals Thawing Wind 
Magnitude Bed and Bank Material Urbanization Domestic Permafrost Boats 
Duration Size Drainage Wild Precipitation 
Frequency Gradation Floodplain Develop. 
Velocity Shape Recreational Boating 
Velocity Distrib. Specific Weight Commercial Boating 
Turbulence Fall Velocity 
Shear Stress Bank Characteristics 
Drag/Lift Forces Cohesive 
Momentum Non cohesive 
Energy Stratified 

Heiaht 
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Two methods of predicting response are physical and mathematical models. Engineers have 
long used small-scale hydraulic models to assist them in anticipating the effect of altering 
conditions in a reach of a river. With proper awareness of the large-scale effects that can 
exist, the results of hydraulic model testing can be extremely useful for this purpose. An 
alternative method of predicting short-term and long-term changes in rivers involves the use of 
mathematical computer models. To study a transient phenomenon in natural alluvial channels, 
the equations of motion and continuity for sediment laden water and the continuity equation for 
sediment can be used as discussed in Chapters 2, 3, 4, and 5. 

1.3 EFFECTS OF HIGHWAY CONSTRUCTION ON RIVER SYSTEMS 

Highway construction can have significant general and local effects on the geomorphology and 
hydraulics of river systems. Hence, it is necessary to consider induced short-term and 
long-term responses of the river and its tributaries, the impact on environmental factors, the 
aesthetics of the river environment and short-term and long-term effects of erosion and 
sedimentation on the surrounding landscape and the river. The biological response of the river 
system should also be considered and evaluated . 

1.3.1 Immediate Response of Rivers to Encroachment 

Let us consider a few of the numerous and immediate responses of rivers to the construction 
of bridges, channel stabilization, and countermeasures . 

Local changes made in the geometry or the hydraulic properties of the river might be of such a 
magnitude as to have an immediate impact upon the entire river system. At bridges, 
contraction due to the construction of encroachments usually cause contraction and local 
scour, and the sediments removed from this location are usually dropped in the immediate 
reach downstream. In the event that the contraction is extended further downstream, the river 
may be capable of carrying the increased sediment load an additional distance, but only until a 
reduction in gradient and a reduction in transport capability is encountered. The increased 
velocities caused by encroachments may also affect the general lateral stability of the river 
downstream. 

In addition, the development of crossings and the contraction of river sections may have a 
significant effect on the water level in the vicinity and upstream of the bridge. Such changes in 
water level upstream of the bridge are called backwater effects. The highway engineer must 
be in a position to accurately assess the effects of the construction of crossings upon the water 
surface profile. 

In many instances, to offset increased velocities and to reduce bank instabilities and related 
problems, the river is stabilized or channelized to some degree. When it is necessary to do 
this, every effort should be made to accomplish the channelization in a manner which does not 
degrade the river environment, including the river's aesthetic value. 

As a consequence of construction, many areas become highly susceptible to erosion. The 
transported sediment is carried from the construction site by surface flow into the minor rills , 
which combine within a short distance to form larger channels leading to the river. The water 
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The contraction of the flow by the bridge can be caused by a decrease in flow area of the 
stream channel by the abutments projecting into the channel and/or the piers taking up a large 
portion of the flow area. Also, the contraction can be caused by the approaches to the bridge 
cutting off the overland flow that normally goes across the floodplain during high flow. This 
latter case causes clear-water scour at the bridge section because the overland flow normally 
does not transport any bed material sediments. This clear-water flow picks up additional 
sediment from the bed when it returns to the bridge crossing . In addition, if it returns to the 
stream channel at an abutment can increase the local scour there. A guide bank at that 
abutment decreases the risk from scour from this returning overbank flow. Also, relief bridges 
in the approaches decrease the scour problem at the bridge cross section by decreasing the 
amount of flow returning to the natural channel. 

Other Factors that can cause contraction scour are: 

(1) a natural stream constriction 
(2) long approaches over the floodplain to the bridge 
(3) ice formation or jams 
(4) berm forming along the banks by sediment deposits 
(5) island or bar formations upstream or downstream of the bridge opening 
(6) debris 
(7) growth of vegetation in the channel or floodplain 

To determine the magnitude of general scour from a variable backwater requires a study of the 
stream system to (1) determine if this condition exists and (2) determine the magnitude of 
general scour for this condition. Of particular value in determining if backwater effects exist 
and the magnitude of the effects on the velocity and depth is the WSPRO computer model. 
The difference in depth between the highest expected bed elevation and the lowest expected 
bed elevation for the design discharge is the value of the general scour. 

General scour of the bridge opening may be concentrated in one area. If the bridge is located 
on or close to a bend the scour will be concentrated on the outer part of the bend. In fact, 
there may be deposition on the inner portion of the bend, further concentrating the flow, which 
increases the scour at the outer part of the bend. Also at bends, the thalweg (the part of the 
stream where the flow or velocity is largest) will shift toward the center of the stream as the flow 
increases. This can increase scour and the non-uniform distribution of the scour in the bridge 
opening . 

Often the magnitude of general scour cannot be predicted and inspection is the solution for 
general scour problems. Also, a physical model study can be used to determine general scour. 

7.6.1 Contraction Scour 

Contraction Scour Conditions. Contraction scour equations are based on the principle of 
conservation of sediment transport (continuity) . In the case of live-bed scour, the fully 
developed scour in the bridge cross section reaches equilibrium when sediment transported 
into the contracted section equals sediment transported out. As scour develops, the shear 
stress in the contracted section decreases as a result of a larger flow area and decreasing 
average velocity. For live-bed scour, maximum scour occurs when the shear stress reaches 
the point that bed-material transported in equals the bed-material transported out and the 
conditions for sediment continuity are in balance. For clear-water scour, the bed-material 
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transported into the contracted section is essentially zero and maximum scour occurs when 
the shear stress or velocity reaches the critical shear stress or critical velocity of the bed 
material in the section . Chapter 3 and HEC-18 give equations and methods for calculating 
critical shear stress or critical velocity. 

Live-bed contraction scour occurs at a bridge when there is transport of bed material in the 
upstream reach into the bridge cross section. With live-bed contraction scour, the area of the 
contracted section increases until , in the limit, the transport of bed material out of the 
contracted section equals the bed material transported in. Normally, the width of the 
contracted section is constrained and depth increases until the limiting conditions are 
reached. 

Clear-water contraction scour occurs in a long contraction when (1) there is no bed material 
transport from the upstream reach into the downstream reach or (2) the material being 
transported in the upstream reach is transported through the downstream reach mostly in 
suspension and at less than capacity of the flow. With clear-water contraction scour, the 
area of the contracted section increases until , in the limit, the velocity (V) of the flow or the 
shear stress ('to) on the bed is equal to the critical velocity (Vc) or the critical shear stress ('tc) 
of a certain particle size (D) in the bed material. Normally, the width (W) of the contracted 
section is constrained and the depth (y) increases until the limiting conditions are reached. 

Live-bed scour depths may be limited if there are appreciable amounts of large-sized 
particles in the bed material. It is appropriate, then, to use the clear-water scour 
equation in addition to the live-bed scour equation and use the smaller of the two 
depths. Also, it is appropriate to use the clear-water scour equation if the transport of 
bed material from upstream of the contraction is small in quantity or composed of fine 
material that washes through the contraction in suspension . 

There are four conditions (cases) of contraction scour at bridge sites depending on the type 
of contraction , and whether there is overbank flow or relief bridges. Regardless of the case, 
contraction scour can be evaluated using two basic equations: (1) live-bed scour, and (2) 
clear-water scour. For any case or condition, it is only necessary to determine if the flow in 
the main channel or overbank area upstream of the bridge, or approaching a relief bridge, is 
transporting bed material (live-bed) or is not (clear-water), and then apply the appropriate 
equation with the variables defined according to the location of contraction scour (channel or 
overbank). 

Critical Velocity. To determine if the flow upstream of the bridge is transporting bed material , 
calculate the critical velocity for beginning of motion Vc of the D50 size of the bed material and 
compare it with the mean velocity V of the flow in the main channel or overbank area 
upstream of the bridge opening. If the critical velocity of the bed material is larger than the 
mean velocity (Vc > V) , then clear-water contraction scour will exist. If the critical velocity is 
less than the mean velocity (Vc < V), then live-bed contraction scour will exist. To calculate 
the critical velocity use the equation derived in Chapter 3. This equation is: 

V = K y11s D1 1a 
c u (7.1) 

where: 

Vc = Critical velocity above which bed material of size D and smaller will be 
transported, m/s (ft/s) 

y = Depth of flow, m {ft) 
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D = Particle size for V c. m (ft) 
0 50 = Particle size in a mixture of which 50 percent are smaller, m (ft) 
Ku = Coefficient derived in Chapter 3 
Ku = 6.19 Slunits 
Ku = 11.25 English units 

Live-Bed Contraction Scour. A modified version of Laursen's 1960 equation for live-bed 
scour at a long contraction is recommended to predict the depth of scour in a contracted 
section. The modification is to eliminate the ratio of Manning's n (see the following Note #3). 

(7.2) 

Y 5 = Y 2 -Yo =average scour depth (7.3) 

where : 

Y1 = Average depth in the upstream main channel, m (ft) 
Y2 = Average depth in the contracted section, m (ft) 
Yo = Existing depth in the contracted section before scour, m (ft) (see Note 7) 

Notes: 

Q1 = Flow in the upstream channel transporting sediment, m3/s (ft3/s) 
Q2 = Flow in the contracted channel, m3/s (ft3/s) 
W1 = Bottom width of the upstream main channel , m (ft) 
W2 = Bottom width of the main channel in the contracted section less pier 

width(s), m (ft) 
k1 = Exponent determined below 

V·/ro k1 Mode of Bed Material Transport 

<0.50 0.59 Mostly contact bed material discharge 
0.50 to 2.0 0.64 Some suspended bed material discharge 

>2.0 0.69 Mostly suspended bed material discharge 

V· = (-.Jpf' = (gy1 sS'\ shear velocity in the upstream section, m/s (ft/s) 
ro = Fall velocity of bed material based on the 0 50 , m/s (Figure 3.1) 

For fall velocity in English units (ft/s) multiply fall velocity in m/s by 3.28 
g = Acceleration of gravity (9.81 m/s2) (32.2 ft/s2) 
S1 = Slope of energy grade line of main channel, m/m (ft/ft) 
'to = Shear stress on the bed, Pa (N/m2) (lb/te) 
p = Density of water (1 000 kg/m3

) (1 .94 slugs/ft3
) 

1. Q2 is the total flow going through the bridge opening . 

2. 0 1 is the flow in the main channel upstream of the bridge, not including overbank flows . 

3. The Manning's n ratio is eliminated in Laursen's live-bed equation to obtain Equation 7.2. 
This was done for the following reasons. The ratio can be significant for a condition of 
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insufficient to transport gravel brought in by tributary streams. Channel avulsions, which can 
present a serious threat to many engineering structures, are associated with most aggrading 
situations. Rapid lowering of river stage may result in severe bank slumping from pore-water 
pressures in the banks. However, the more general effect of reservoirs is probably to reduce 
hydraulic problems at highway crossing bridges, both by reduction of flood peaks and a 
reduction of lateral erosion rates. 

lnterbasin transfers of flow and diversions result in periods of channel instability and bank 
erosion until the new channel regime is established. 

5.7.2 Natural Causes 

Although problems resulting from natural causes are not as frequent as those resulting from 
human activities, it is important to recognize natural causes in both design and maintenance of 
highway crossings. 

Natural causes and complications from gradation problems include: alluvial fans, natural 
armoring, braiding , meandering/migration (natural cutoffs), recurrent flooding, high stream 
velocity, channel bed and bank material erodibility, fire, floating debris, mud and debris flows, 
earthquakes, tectonic activity, volcanic activity, and landslides. 

Floating Debris. Floating debris causes hydraulic problems at highway crossings nationwide. 
The problems are the greatest in the Pacific Northwest and the upper and lower Mississippi 
River Valley. Debris hazards are generally a local phenomena often associated with large 
floods. Most bridge destruction from debris is due to accumulation of debris against bridge 
components. Debris may partially or totally block waterways, create adverse hydraulic 
conditions that erode pier foundations and bridge abutments or may overtop roadways and 
cause structural damage. 

Many debris problems exist in forested areas with active logging operations. Highway 
crossings on streams where stream slopes are mild or moderate, in contrast to headwater 
streams, are more vulnerable to debris related hazards. Debris hazards occur more frequently 
in unstable streams where bank erosion is active. Countermeasures presently used by 
highway agencies include: (1) sufficient freeboard , (2) proper pier spacing, (3) solid piers, (4) 
debris deflectors, (5) special superstructure designs, (6) flood relief structures, and (7) routine 
and emergency removal of debris at bridge crossings. Most debris transported in floods does 
not travel a great distance and often is observable locally along the stream banks upstream 
from the bridge prior to the flood. Debris usually moves as individual logs in a non-random 
path concentrating in the thalweg of the stream. Therefore, methods for evaluating its 
abundance and for mitigating its hazard are deemed feasible. HEC-20 (Lagasse et al. 2001) 
summarizes the results of studies by the U.S. Geological Survey to develop methods to 
estimate potential debris accumulations at bridges (Diehl 1997 and Diehl and Bryan 1993). 
Examples of debris control structures for culverts are given in Reihsen (1964). 

Mud Flows And Debris Flows. Fast melting snowpack and overabundance of soil moisture 
on steep slopes throughout the Western United States causes mudflows, debris flows and 
landslides, threatening bridges and highway structures. There is considerable evidence of 
damages to highway structures in the literature. For example Hungr et al. , (1984) documented 
a bridge for which a concrete bridge beam was demolished by point impact during a debris flow 
event. 
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Floodplain Issues in Transportation Design 
Presentation Outline by Section 

1/3/03 

TYPICAL PRor.l..EM.S 11-.l Ttt.MlS po~ Tkrt~ ~NCRoACtti\I\E~r.r 
Section VII: ~Wo~~~~ ~ZvT~~J>t;1ion Encroachment Goncopts. 

Est. Teaching Time: 30 minutes 
Approx #of Slides: 24 (14 Bullet Point, 10 Figures/Pictures) 

A. Design Flood Frequency Selection 

1. Structure/Project Design Frequency [1 slide, bulleted , outlining need 
to observe federal , state & local criteria/requirements for flood 
frequency selection , 2 slides showing ; a) State (ADOT) criteria from 
ADOT Drainage Manual Vol. I, "Policy" pages 1 and 2, b) Example of 
local criteria , possibly Pima County Roadway Design Manual , Section 
2.9 "Drainage". 

2. Impacts on other Frequencies [1 slide, bulleted , outlining how 
designing a structure for one frequency must still be done in such a 
way that it does not exacerbate flooding (i.e., increase flood levels) 
during the base ("1 DO-year'') flood] 

B. Flood Peak Discharge Estimation [1 slide, bulleted referencing Section VI , 
A discussion, 1 slide covering required methods of ADOT and example local 
jurisdiction] 

C. Existing vs. Design Conditions [1 slide, bulleted, outlining the need to 
evaluate both existing vs. design conditions to understand impacts of the 
proposed transportation improvements] 

D. Selecting a Modeling Approach [1 slide, bulleted , outlining possible 
approaches to hydraulic modeling of crossing including 1 and 2-dimensional 
models, culvert modeling and sediment transport modeling (use info from 
HDS-6, Sections 2.11 , 2.12 and 4.11.3] 

E. Increasing Base Flood Elevations [1 slide, bulleted , outlining federal 
requirements for floodplain encroachments and increases in base flood 
elevations, reference provisions of 44 CFR Ch. I, Sec. 60.3 Part d) 

F. Floodplain vs. Floodway Encroachments [1 slide, bulleted, outlining the 
requirement in 44 CFR Ch. 1, Sec. 60.3 Part d to maintain a corridor for the 
regulatory floodway] 

G. Transportation Design Conflicts with Natural Streams 

1. Horizontal Alignment [1 slide, bulleted , describing ways in which 
transportation corridor alignments can confl ict with drainage path 
alignments, 3 slides, graphical/picture, showing a) skewed crossing , 
b) realigned crossing, and c) curved crossing] 

1 



• 

• 

• 

2. Vertical Profile [1 slide, bulleted , describing ways in which the 
limitations imposed on vertical roadway alignments can create 
conflicts with natural stream channel and floodplain cross-sections. 4 
slides, graphical/picture, showing a) conventional dipping roadway 
profile with single bridge over single channel , b) crest vertical curve 
crossing floodplain with bridged channel , c) crest vertical curve at 
bridge with sags on either side for floodplain overflow, d) crossing with 
main channel bridge and overflow structures] 

H. Non-Engineering Problems 

[1 slide, bulleted , for each sub-heading highlighting that problem area] 

1. Costs & Funding 
2. Maintenance 
3. ROW 
4. Permits [1 or 2 additional slide, bulleted, listing different permits 

needed including Endangered Species, National Environmental Policy 
Act, Sections 401/402/404 of the Federal Water Pollution Control Act, 
Fish & Wildlife Act, Safe Water Drinking Act, etc. (use info from HEC-
22, Section 2.5.1 0] 

5. Federal Requirements [information on slide to include FHWA 
requirements from 23 CFR 650A] 
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2. Vertical Profile [1 slide, bulleted, describing ways in which the 
limitations imposed on vertical roadway alignments can create 
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VOLUME 1 - POLICY 

A. GENERAL 

A.l INTRODUCTION 

The objective of drainage design is to provide the necessary 
highway drainage facilities which allows the public to use the 
highway during times of significant runoff and in a manner that 
minimizes the potential for adverse effects on adjacent property 
and existing drainage patterns. 

The effect of the highway on the existing drainage pattern, the 
potential flood hazards, as well as the effect of floods on the 
highway are to be assessed in the design process. 

When determining the specific drainage design criteria appropriate 
for each project; drainage law, regulations of public agencies, 
statutes, codes and ordinances and good engineering practice must 
all be considered. The drainage design criteria should be 
enumerated during the concept development phase of project 
development. The criteria should identify such items as the 
hydrology method to be used, the design storm frequency to be 
accommodated, the allowable spread of water on the pavement to be 
tolerated at the specified storm frequency and any other pertinent 
hydraulic criteria which is a design control for the project. 

Hydrologic and hydraulic data, calculations and analyses and all 
information used to develop conclusions and recommendations shall 
be compiled in a report. The report shall be sealed by a 
Professional Engineer licensed to practice in Arizona. The content 
and the level of detail of such a report shall be commensurate with 
the complexity of the project and the problems anticipated. 

The AASHTO Highway Drainage Guidelines (Ref. 21-28) should be used 
as a guide when considering methodologies to be followed tor · 
performing drainage design. 

The memorandum nHighway Design and Legal Liability for Draina.ge 
Changes" (Ref. 8) should be reviewed and its concepts understood 
when preparing to perform drainage design. 

A.2 DESIGN DISCHARGE AND FLOOD FREQUENCY SELECTION 

The selection of the design storm is a matter of engineering 
judgement. When performing drainage designs, there is always some 
risk in any action or non-action taken, even if the design event is 
the probable maximum flood; therefore the use of sound engineering 
judgement, accepted design procedures, evaluation of proposed 
changes of drainage pattern and economic assessment of the 
associated measures is necessary to produce good drainage designs • 
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Traffic needs; type, cost, and maintenance of structure; drainage 
impacts on the highway facility and on the adjacent property; and 
extent of urbanization shall be considered when selecting a design 
frequency. Flood discharges shall be based on the extent and type 
of urbanization likely to exist in the watershed a minimum of 20 
years after the design of the crossing. Local zoning maps and 
regional planning maps can be used as a guide for projected land 
use. Local drainage requirements and policies need to be 
considered when evaluating the effect of urbanization. The design 
flow shall be at the flood frequency of the events for which the 
design criteria is specified. 

Flows of magnitudes greater than the design storm shall be 
considered for evaluating damages to the structure and the roadway, 
impacts on traffic flow, public and emergency services, and the 
potential impacts upon upstream and downstream property. 

The following table may be used as a guide in selecting a frequency 
of event for design of hydraulic structures. 

* 

** 

*** 

**** 

Design Storm Frequency**** 

Type of Project 
Type of 
Structure Interstate Primary 

Bridge 50 Yr** 50 Yr** 

Culvert 50 Yr** 50 Yr** 

Storm Sewer 10 Yr 10 Yr 

Storm Sewer for 50 Yr 25 Yr*** 
Depressed Section 

Pavement Drainage 10 Yr 10 Yr 

Median Drainage 50 Yr 50 Yr 

A lesser value may be used when conditions warrant, 
justification shall be included in the report. 

Secondary 

50 Yr* 

25 Yr 

10 Yr 

10 Yr*** 

10 Yr 

25 Yr 

The flood of record should be used, if greater than the 50 
year event. 

A higher value may be used where conditions warrant, 
justification shall be included in the report. 

In cases where the highway encroaches into a base floodplain, 
FEMA regulations and policies and procedures specified in 
FHWA F.H.P.M. 6.7.3.2 shall be used • 

-2-



Pima County Roadway Design Manual 

2.8 RAILROAD GEOMETRY 

• 
For most roadway design projects in Pima County, the highway designer will not be 
concerned with railroad alignments. However, it is important to be aware of the principal 
reference document used by railroads for the design of tangent and curvilinear sections of 
railway. 

The design of horizontal alignment of railroads is similar to that of highways, except that 
in rail design, the chord (rather than arc) definition for circular curves is used, and spiral 
curves are applied much more often than in highway design. A factor termed "equilibrium 
elevation" is used to determine the equilibrium speed on a curve which is the speed at 
which the resultant of the weight and centrifugal force is perpendicular to the plane of the 
track. In this condition, the components of centrifugal force and weight of the train are 
balanced. The length of the cars to be accommodated on a railroad and the speed at which 
they operate are major factors in the design of both the horizontal and vertical dimensions. 
Reverse curves are often used in railroad yard operation areas and tangent Jinks are required 
between reverse curves for degree of curvature greater than 6 degrees. 

The most important document for providing standards for railroad design is the 1994 
Manual for Railway Engineering (61) and its subsequent updates. In particular, Section 
5-Track, relates to the design of horizontal and vertical aspects of the rail line. The 
manual is published by the American Railway Engineering Association. 

2.9 DRAINAGE 

· Calculations of drainage requirements for roadway design in Pima County are based on a 
·• series of criteria and guidelines. These are defined in the following sections. 

' CROSS FLOWS AND CULVERTS 

• 

Drainage crossings and channels shall be designed to convey Q100 under the roadway. 

Diversion of flow from one basin to another is prohibited by the Pima County 
Floodplain Ordinance (30). If the downstream basin is designated as critical or balanced, 
the proposed culvert or channel shall be designed to convey a discharge equal to the 
amount of discharge of the existing conditions. To the extent possible, the flood limits 
upstream shall be kept unchanged unless an improved channel is designed and constructed . . 

Design discharges for various siorm frequencies will be calculated as per the Pima County 
Hydrology Manual (40). the Soil Conservation Service TR-20 or TR-55 computer 
program, or by the Corps of Engineers HEC-1 . The Rational Method is recommended for 
the small watersheds that contribute to pavement drainage within the right-of-way limits 
and for the parking lots, paved areas. and other lots and landscaped areas adjacent to the 
right-of-way. 

Hydraulic calculations for pipe and box culvert flow will be done per the HDS No.5 
Hydraulic Design of Highway Culverts (45) and HEC-14, Hydraulic Design of Energy 
Dissipaters for Culverts and Channels (49) manuals, or other applicable culvert hydraulic 
formula approved by Pima County for use by the designer. 

Manual computation using Manning's equation or the U.S. Corps of Engineers HEC-2 
may be used for open channel or open floodplain flow. Such computations shall be in 
accordance with the Pima County Drainage and Channel Design Standards for Local 
Drainage, 1984 (32), Floodplain and Erosion Hazard Management Ordinance No. 1994-
FC2, 1994 (30), and StormwaterDetention/Retention Manual (undated) (41). 
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Ice and 
Debris 

Figure 2.39. Submergence of a superstructure. 

In Type I flow, the normal water surface is everywhere above critical depth and the flow is 
subcritical. Backwater calculations are obtained by applying the conservation of energy principle 
between Sections 1 and 4. 

In Type II flow, subcritical flow upstream of the bridge passes through critical depth in the 
constriction. The backwater curve for the water surface elevation upstream from the constriction 
is independent of the water surface elevation downstream. An undulating hydraulic jump (with Fr 
< 2) is formed when the water surface elevation dips below critical depth downstream from the 
contracted section (Type liB) . 

Referring to Type Ill flow, the flow is supercritical throughout the reach as the normal water 
surface is everywhere below critical depth . Such conditions require steep channels as 
experienced in, but not limited to, mountainous regions. Backwater should not occur as long as 
the flow remains supercritical since the flow is controlled from upstream conditions. However, 
significant rise in the water surface might occur in the vicinity of the constriction due to: (1) 
changes in the specific energy or specific discharge diagram as indicated in Figures 2.19 and 
2.21 ; (2) cross waves and transitions; and (3) possible hydraulic jumps near the embankments. 

Solved problems are presented in Section 2.14 (SI) and 2.15 (English) to illustrate how to 
calculate maximum constrictions without causing backwater and to calculate water surface 
elevation upstream of a grade control structure. 

2.11 COMPUTER MODELS FOR HIGHWAY BRIDGES 

2.11.1 One-Dimensional Computer Models 

Many one-dimensional computer models are available for computing water surface profiles, 
average depth and velocity for open channel flow. However, three have the most utility for 
highway bridge analysis. These are FHWA's WSPRO (Arneson and Sherman 1998). The U.S. 
Army Corps of Engineers (2001) HEC-RAS (River Analysis System) and UNET (Barkau 1993). 
HEC-RAS is the successor the Corps of Engineers HEC-2 water surface profile program. 
WSPRO is for steady, nonuniform flow . 
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HEC-RAS performs for steady or unsteady, uniform or nonuniform flow. UNET is for unsteady, 
uniform, and nonuniform flow. Although one-dimensional , they can give an approximate 
distribution of the velocity in a cross-section. Embankment overtopping flows, in conjunction with 
either free surface or pressure flow through the bridge , can be computed . The programs are 
capable of computing profiles at stream crossings with multiple openings (including culverts) , at 
river confluences, and mixed flow regimes. They also, incorporate the effect of wide , wooded , 
floodpla ins into the bridge backwater calculations. In addition, there are two one-dimensional 
computer models wh ich include sediment transport. These are FHWA's BRI-ST ARS (Molinas 
2000) and U.S. Army Corps of Engineers HEC-6 (1993) computer programs. 

2.11.2 Two-Dimensional Computer Models 

Two-dimensional computer models give the water surface profile, and the depth and velocity 
along and across the stream . Of the many models, two have the most utility for highway bridge 
analysis. They are the FHWA's FESWMS (Froehlich 1996) and the U.S. Army Corps of 
Engineer's (1997) RMA-2V (Thomas and McAnally 1985) models. The models are for steady or 
unsteady and nonuniform open channel flow. They have all the capabilities of the one
dimensional programs and have the utility of giving the velocity and depth distribution along and 
across the channel as a function of time and distance. They can and have been used to analyze 
tidal flows (Zevenbergen et al. 1997, Ayres Associates 1994 and 1997, and Richardson and 
Lagasse 1999 pages 701 to 824) Both models require that a grid system be created for the river 
system. However, constructing the grid is greatly aided by the use BYU's (2000) SMS modeling 
system . 

2.12 HYDRAULICS OF CULVERT FLOW 

2.12.1 Introduction 

A culvert is a conduit wh ich conveys stream flow th rough a roadway embankment. Most culverts 
are constructed of concrete, corrugated aluminum, corrugated steel, and sometimes corrugated 
plastics. Culvert shapes vary from circular to rectangular, and elliptical , pipe arch, arch and metal 
box sections are commonly used. 

Two basic types of flow control are recognized depending on the location of the control section : 
inlet control or outlet control. The characterization of pressure, as well as subcritical and 
supercritical flow regimes play an important role in determining the location of the control section . 

Inlet control occurs when the culvert barrel is capable of carrying more flow than the inlet will 
accept. Critical flow depth is located at the inlet and the flow is supercritical in the barrel. 

Outlet control flow occurs when the culvert barrel is not capable of conveying as much flow as the 
inlet opening will accept. Under outlet control conditions, either subcritical or pressure flow exists 
in the culvert barrel. 

The hydraulic design of culverts is given in HDS 5 (FHWA 1985) and HY8 (FHWA 1998) is a 
computer program for the design and analysis of culvert flows . 
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Additional issues that need to be addressed include: 

• Is the cost of a sediment transport analysis commensurate with the cost of the bridge and 
the accuracy of the analysis? 

• Are there sediment transport data available from the USGS or other Federal or state 
Agencies for this stream or similar streams? 

4.11.2 Step 2: Determine Scope of Sediment Transport Analysis 

Determine if the need for information on the quantity of sediment being transported is for the 
quantity transported by the occasional high or peak flows or for the amount transported 
annually, i.e ., determine the sediment transport design parameters. 

• To check previous scour calculations, only sediment transported by high or peak flows 
may be needed. 

• The design of a check dam or debris basin may require annual or multi-year cumulative 
quantities of sediment transport. 

• Refining estimates of long-term aggradation or degradation will require multi-year 
cumulative quantities. 

4.11.3 Step 3: Determine the Type of Analysis 

The types of analyses available to determine the quantity and gradation of sediment 
transport are field measurements, computer models, and basic methods given in this 
chapter. 

Field Measurement 

Field measurement to determine sediment transport is a specialized activity and generally 
should be contracted for. The USGS and the U.S. Army Corps of Engineers are specialists 
in this type of field measurement. Field measurements used in conjunction with the modified 
Einstein method (Colby and Hubbell 1962, Vanoni 1977, Simons and Senturk 1992) provide 
the most accurate method of determining the total sediment discharge of a stream. 

Basic Methods for Sediment Transport Calculations 

The methods and equations given in this chapter will normally be sufficient for most 
determinations of the bed-material transport for a given discharge or to develop a bed
material discharge rating curve to be used with a flow duration curve to determine the annual 
sediment discharge. Only for the most important and costly bridges would it be necessary to 
use field measurements and/or computer models to determine bed-material transport. 

The basic equations and methods given in this chapter ~nd recommended for practical 
applications are: 

• Meyer-Peter and Muller (1948) bed load equation (also USBR 1960) 
• Colby's (1964) curves and method 
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• Simons et al. (1981) basic power function method 
• Kodoatie et al. (1999) expanded power function method 
• Yang (1996) sand and gravel equations 

A summary of each method is given below to aid in selecting which method to use. 

Meyer-Peter and Muller Bed Load Equation 

The Meyer-Peter and Muller bed load equation only calculates the bed material moving in 
contact with the bed (contact load). It does not give total bed-material discharge unless there 
is no bed-material in suspension . It is, therefore, best utilized for coarser bed material 
streams (050 coarser than 2.00 mm). 

Colby's Curves and Method 

Colby's method is only for sand size bed material (050 from 0.6 to 2.00 mm). It is very good 
method for rapid determination of total bed-material discharge. It can be used to check or 
compare with the other methods. The method can be used to determine the total bed
material transport by size fraction . 

Simons et al. (1981) Power Function Relationship 

The Simons et al. power relationship can be used for steep streams with sand and fine 
gravel-size bed material (050 from 0.1 to 5.0 mm) that normally exhibit critical or supercritical 
flow. The relationship takes into consideration the size distribution of the bed material (Table 
4.2). The difficulty in the method is the need to interpolate between sand sizes and gradation 
coefficient. 

Kodoatie et al. (1999) Power Function Relationship 

The Kodoatie method (modified Posada (1995)) can be used for streams with bed material 
size ranging from silt to gravel. It provides a coefficient and exponents based on classifying 
streams as silt, fine sand, medium to coarse sand and gravel bed (Table 4.4). The method is 
useful for rapid calculations of bed-material discharge. 

Yang (1996) Sand and Gravel Equations 

The Yang equations can be used for sand and gravel total load estimation . The equations 
can be applied by size fraction or to the median size. The gravel equation should be limited 
to median sizes between 2.0 and 10.0 mm. 

Computer Models 

The use of computer models is beyond the scope of this manual, but programs are available. 
Two of the better known computer models are: 

• BRI-ST ARS (Molinas 2000) 
• HEC-6 (U .S. Army Corps of Engineers 1993) 

These computer models have the ability for user-selected sediment transport relations 
(including most of those shown in Table 4.1 -see Section 4.6) and power relationships. The 
models can be used to determine the total sediment discharge for a given flow or to 
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Federal Emergency Management Agency §60.3 

ments for such a revision as estab
lished under the provisions of §65.12, 
and receives the approval of the Ad
ministrator. 

(14) Require that recreational vehi
cles placed on sites within Zones A1-30, 
AH, and AEon the community's FffiM 
either 

(i) Be on the site for fewer than 180 
consecutive days, 

(11) Be fully licensed and ready for 
highway use, or 

(iii) Meet the permit requirements of 
paragraph (b )(1) of this section and the 
elevation and anchoring requirements 
for "manufactured homes" in para
graph (c)(6) of this section. 
A recreational vehicle is ready for 
highway use if it is on its wheels or 
jacking system, is attached to the site 
only by quick disconnect type utilities 
and security devices, and has no per
manently attached additions. 

----7 (d) When the Administrator has pro
vided a notice of final base flood ele
vations within Zones Al-30 and/or AE 
on the community's FffiM and, if ap
propriate, has designated AO zones, AH 
zones, A99 zones, and A zones on the 
community's FffiM, and has provided 
data from which the community shall 
designate its regulatory floodway, the 
community shall: 

(1) Meet the requirements of para
graphs (c) (1) through (14) of this sec
tion; 

(2) Select and adopt a regulatory 
floodway based on the principle that 
the area chosen for the regulatory 
floodway must be designed to carry the 
waters of the base flood, without in
creasing the water surface elevation of 
that flood more than one foot at any 
point; 

(3) Prohibit encroachments, includ
ing fill, new construction, substantial 
improvements, and other development 
within the adopted regulatory 
floodway unless it has been dem
onstrated through hydrologic and hy
draulic analyses performed in accord
ance with standard engineering prac
tice that the proposed encroachment 
would not result in any increase in 
flood levels within the community dur
ing the occurrence of the base flood 
discharge; 

(4) Notwithstanding any other provi
sions of §60.3, a community may per-

mit encroachments within the adopted 
regulatory floodway that would result 
in an increase in base flood elevations, 
provided that the community first ap
plies for a condition8.1 FffiM and 
floodway revision, fulfills the require
ments for such revisions as established 
under the provisions of § 65.12, and .re
ceives the approval of the Adminis
trator. 

(e) When the Administrator has pro
vided a notice of final base flood ele
vations within Zones Al~O and/or AE 
on the community's FffiM and, if ap
propriate, has designated AH zones, AO 
zones, A99 zones, and A zones on the 
community's FffiM, and has identified 
on the community's FffiM coastal high 
hazard areas by designating Zones Vl-
30, VE, and/or V, the community shall: 

(1) Meet the requirements of para
graphs (c)(l) through (14) of this sec
tion; 

(2) Within Zones Vl-30, VE, and V on 
a community's FffiM, (i ) obtain the 
elevation (in relation to mean sea 
level) of the bottom of the lowest 
structural member of the lowest floor 
(excluding pili~gs and columns) of all 
new and substantially improved struc
tures, and whether or not such struc
tures contain a basement, and (11) 
maintain a record of all such informa
tion with the official designated by the 
community under §59.22(a)(9)(iii); 

(3) Provide that all new construction 
within Zones Vl-30, VE, and V on the 
community's FffiM is located landward .. · 
of the reach of mean high tide~ 

(4) Provide that all new construction 
and substantial improvements in Zones 
Vl~O and VE, and also Zone V if base 
flood elevation data. is available, on the 
community's FffiM, are elevated on 
pilings and columns so that (i) the bot
tom of the lowest horizontal structural 
member of the lowest floor (excluding 
the pilings or columns) is elevated to 
or above the base flood level; and (ii) 
the pile or column foundation and 
structure attached thereto is anchored 
to resist flotation, collapse and lateral 
movement due to the effects of wind 
and water loads acting simultaneously 
on all building components. Water 
loading values used shall be those asso
ciated with the base flood. Wind load
ing values used shall be those required 
by applicable State or local building 
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FEDERAL-AID POLICY GUIDE 
December 7, 1994, Transmittal12 

SUBCHAPTER G- ENGINEERING AND TRAFFIC OPERATIONS 

PART 650- BRIDGES, STRUCTURES, AND HYDRAULICS 

Subpart A- Location and Hydraulic Design of Encroachments on Flood Plains 

Sec. 

650.101 Purpose. 

650.103 Policy. 

650.105 Definitions. 

650.107 Applicability. 

650.109 Public involvement. 

650.111 Location hydraulic studies. 

650.113 Only practicable alternative fmding. 

650.115 Design standards. 

650.117 Content of design studies. 

23 CFR650A 

OPI: HNG-31 

Authority:23 U.S.C. 109 (a) and (h), 144, 151, 315, and 319; 23 CFR 1.32; 49 CFR 1.48(b), E.O. 11988 
(3 CFR, 1977 Comp. p. 117); Department of Transportation Order 5650.2 dated April23, 1979 (44 FR 
24678); section 161 of Public Law 97-424, 96 Stat. 2097 3135; section 4(b) of Public Law 97-134,95 
Stat. 1699; and 33 U.S.C. 401 491 et se . 511 et se .; and section 1057 ofPublic Law 102-240, 105 
Stat. 2002. 

[59 FR 37935, July 26, 1994] 

Source:44 FR 67580, Nov. 26, 1979, unless otherwise noted. 

Sec. 650.101 Purpose. 

To prescribe Federal Highway Administration (FHW A) policies and procedures for the location and 
hydraulic design of highway encroachments on flood plains, including direct Federal highway projects 
administered by the FHW A. 
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Sec. 650.103 Policy. 

• It is the policy of the FHW A: 

(a) To encourage a broad and unified effort to prevent uneconomic, hazardous or incompatible use 
and development of the Nation's flood plains, 

(b) To avoid longitudinal encroachments, where practicable, 

(C) To avoid significant encroachments, where practicable, 

(d) To minimize impacts of highway agency actions which adversely affect base flood plains, 

(e) To restore and preserve the natural and beneficial flood-plain values that are adversely 
impacted by highway agency actions, 

(f) To avoid support of incompatible flood-plain development, 

(g) To be consistent with the intent of the Standards and Criteria of the National Flood Insurance 
Program, where appropriate, and 

(h) To incorporate "A Unified National Program for Floodplain Management" of the Water 
Resources Council into FHW A procedures. 

• Sec. 650.105 Definitions. 

(a) "Action" shall mean any highway construction, reconstruction, rehabilitation, repair, or 
improvement undertaken with Federal or Federal-aid highway funds or FHWA approval. 

(b) "Base flood" shall mean the flood or tide having a 1 percent chance of being exceeded in any 
given year. 

(c) "Base flood plain" shall mean the area subject to flooding by the base flood. 

(d) "Design Flood" shall mean the peak discharge, volume if appropriate, stage or wave crest 
elevation of the flood associated with the probability of exceedance selected for the design of a 
highway encroachment. By definition, the highway will not be inundated from the stage of the 
design flood. 

(e) "Encroachment" shall mean an action within the limits of the base flood plain. 

(f) "Floodproof' shall mean to design and construct individual buildings, facilities, and their sites 
to protect against structural failure, to keep water out or to reduce the effects of water entry. 

(g) "Freeboard" shall mean the vertical clearance of the lowest structural member of the bridge 
superstructure above the water surface elevation of the overtopping flood. 

(h) "Minimize" shall mean to reduce to the smallest practicable amount or degree. 

(i) "Natural and beneficial flood-plain values" shall include but are not limited to fish, wildlife, 
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plants, open space, natural beauty, scientific study, outdoor recreation, agriculture, aquaculture, 
forestry , natural moderation of floods, water quality maintenance, and groundwater recharge . 

G) "Overtopping flood" shall mean the flood described by the probability of exceedance and water 
surface elevation at which flow occurs over the highway, over the watershed divide, or through 
structure(s) provided for emergency relief. 

(k) "Practicable" shall mean capable of being done within reasonable natural, social, or economic 
constraints. 

(1) "Preserve" shall mean to avoid modification to the functions of the natural flood-plain 
environment or to maintain it as closely as practicable in its natural state. 

(m) "Regulatory floodway" shall mean the flood-plain area that is reserved in an open manner by 
Federal, State or local requirements, i.e. , unconfined or unobstructed either horizontally or 
vertically, to provide for the discharge of the base flood so that the cumulative increase in water 
surface elevation is no more than a designated amount (not to exceed 1 foot as established by the 
Federal Emergency Management Agency (FEMA) for administering the National Flood Insurance 
Program). 

(n) "Restore" shall mean to reestablish a setting or environment in which the functions of the 
natural and beneficial flood-plain values adversely impacted by the highway agency action can 
again operate. 

(o) "Risk" shall mean the consequences associated with the probability of flooding attributable to 
an encroachment. It shall include the potential for property loss and hazard to life during the 
service life of the highway. 

(p) "Risk analysis" shall mean an economic comparison of design alternatives using expected total 
costs (construction costs plus risk costs) to determine the alternative with the least total expected 
cost to the public. It shall include probable flood-related costs during the service life of the facility 
for highway operation, maintenance, and repair, for highway-aggravated flood damage to other 
property, and for additional or interrupted highway travel. 

( q) "Significant encroachment" shall mean a highway encroachment and any direct support of 
likely base flood-plain development that would involve one or more of the following construction
or flood-related impacts: 

(1) A significant potential for interruption or termination of a transportation facility which is 
needed for emergency vehicles or provides a community's only evacuation route. 

(2) A significant risk, or 

(3) A significant adverse impact on natural and beneficial flood-plain values. 

(r) "Support base flood-plain development" shall mean to encourage, allow, serve, or otherwise 
facilitate additional base flood-plain development. Direct support results from an encroachment, 
while indirect support results from an action out of the base flood plain. 

Sec. 650.107 Applicability. 
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(a) The provisions of this regulation shall apply to all encroachments and to all actions which 
affect base flood plains, except for repairs made with emergency funds (23 CFR Part 668) during 
or immediately following a disaster. 

(b) The provisions of this regulation shall not apply to or alter approvals or authorizations which 
were given by FHW A pursuant to regulations or directives in effect before the effective date of 
this regulation. 

Sec. 650.109 Public involvement. 

Procedures which have been established to meet the public involvement requirements of23 CFR Part 
771 shall be used to provide opportunity for early public review and comment on alternatives which 
contain encroachments. 

[53 FR 11065, Apr. 5, 1988] 

Sec. 650.111 Location hydraulic studies. 

(a) National Flood Insurance Program (NFIP) maps or information developed by the highway 
agency, ifNFIP maps are not available, shall be used to determine whether a highway location 
alternative will include an encroachment. 

(b) Location studies shall include evaluation and discussion of the practicability of alternatives to 
any longitudinal encroachments . 

(c) Location studies shall include discussion of the following items, commensurate with the 
significance of the risk or environmental impact, for all alternatives containing encroachments and 
for those actions which would support base flood-plain development: 

(1) The risks associated with implementation of the action, 

(2) The impacts on natural and beneficial flood-plain values, 

(3) The support of probable incompatible flood-plain development, 

(4) The measures to minimize flood-plain impacts associated with the action, and 

(5) The measures to restore and preserve the natural and beneficial flood-plain values impacted by 
the action. 

(d) Location studies shall include evaluation and discussion of the practicability of alternatives to 
any significant encroachments or any support of incompatible flood-plain development. 

(e) The studies required by Sec. 650.111 (c) and (d) shall be summarized in environmental review 
documents prepared pursuant to 23 CFR Part 771. 

(f) Local, State, and Federal water resources and flood-plain management agencies should be 
consulted to determine if the proposed highway action is consistent with existing watershed and 
flood-plain management programs and to obtain current information on development and 
proposed actions in the affected watersheds. 
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Sec. 650.113 Only practicable alternative finding. 

• (a) A proposed action which includes a significant encroachment shall not be approved unless the 
FHW A finds that the proposed significant encroachment is the only practicable alternative. This 
fmding shall be included in the fmal environmental document (fmal environmental impact 
statement or finding of no significant impact) and shall be supported by the following 
information: 

• 

(1) The reasons why the proposed action must be located in the flood plain, 

(2) The alternatives considered and why they were not practicable, and 

(3) A statement indicating whether the action conforms to applicable State or local flood-plain 
protection standards. 

[44 FR 67580, Nov. 26, 1979, as amended at 48 FR 29274, June 24, 1983] 

Sec. 650.115 Design standards. 

(a) The design selected for an encroachment shall be supported by analyses of design alternatives 
with consideration given to capital costs and risks, and to other economic, engineering, social and 
environmental concerns. 

(1) Consideration of capital costs and risks shall include, as appropriate, a risk analysis or 
assessment which includes: 

(i) The overtopping flood or the base flood, whichever is greater, or 

(ii) The greatest flood which must flow through the highway drainage structure(s), where 
overtopping is not practicable. The greatest flood used in the analysis is subject to state-of-the-art 
capability to estimate the exceedance probability. 

(2) The design flood for encroachments by through lanes of Interstate highways shall not be less 
than the flood with a 2 percent chance of being exceeded in any given year. No minimum design 
flood is specified for Interstate highway ramps and frontage roads or for other highways. 

(3) Freeboard shall be provided, where practicable, to protect bridge structures from debris- and 
scour-related failure. 

( 4) The effect of existing flood control channels, levees, and reservoirs shall be considered 
inestimating the peak discharge and stage for all floods considered in the design. 

(5) The design of encroachments shall be consistent with standards established by the FEMA, 
State, and local governmental agencies for the administration of the National Flood Insurance 
Program for: 

(i) All direct Federal highway actions, unless the standards are demonstrably inappropriate, and 

(ii) Federal-aid highway actions where a regulatory floodway has been designated or where 
studies are underway to establish a regulatory flood way. 
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(b) Rest area buildings and related water supply and waste treatment facilities shall be located 
outside the base flood plain, where practicable. Rest area buildings which are located on the base 
flood plain shall be floodproofed against damage from the base flood. 

(c) Where highway fills are to be used as dams to permanently impound water more than 50 acre

feet (6.17X104 cubic metres) in volume or 25 feet (7.6 metres) deep, the hydrologic, hydraulic, 
and structural design of the fill and appurtenant spillways shall have the approval of the State or 
Federal agency responsible for the safety of dams or like structures within the State, prior to 
authorization by the Division Administrator to advertise for bids for construction. 

Sec. 650.117 Content of design studies. 

(a) The detail of studies shall be commensurate with the risk associated with the encroachment 
and with other economic, engineering, social or environmental concerns. 

(b) Studies by highway agencies shall contain: 

(1) The hydrologic and hydraulic data and design computations, 

(2) The analysis required by Sec. 650.115(a), and 

(3) For proposed direct Federal highway actions, the reasons, when applicable, why FEMA 
criteria (44 CFR 60.3, formerly 24 CFR 1910.3) are demonstrably inappropriate. 

• (c) For encroachment locations, project plans shall show: 

(1) The magnitude, approximate probability of exceedance and, at appropriate locations, the water 
surface elevations associated with the overtopping flood or the flood of Sec. 650.115(a)(l) (ii), 
and 

(2) The magnitude and water surface elevation of the base flood, if larger than the overtopping 
flood. 

I r-1 -· .. . . . 

Home 1 Directives 1 23 CFR TOC 1 Feedback 

United States Department of Transportation - Federal Highway Administration 

file:/!F:\Projects\Stantec\ADWR%20TRansportation%20Drainage%20Training\cfr0650a.l... 12/31/2002 
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Section VIII: Effects of Scour and Sedimentation 

Teaching Time: 30 minutes 
Approx # of Slides: 35 (1 0 Bullet Lists , 25 Illustrations) 

[Slide #1: Section Title] 
[Slide #2: Section Outline] 

A. Basic Sediment Transport Theory - [Slide #3: Bullet List] 
1. Terminology 

References: 
1. ADWR- Design Manual 

for Engineering Analysis 
2. FHWA- Highways in 

River Environment 

a. Types of sediment movement [Slide #4- illustration] 
i. Bedload 
ii. Bed-materialload 
iii. Wash load 
iv. Critical diameter 

b. Types of sedimentation [Slide #5 - illustration] 
i. Aggradation 
ii. Deposition 

111. Degradation 
iv. Scour 
v. Lateral Migration 

2. Basic Concepts [Slide #6 - Bullet List] 
a. Sediment Transport Variables 

i. Primary Variables 
1. Velocity 
2. Depth 
3. Width 
4. Roughness 
5. Slope 
6. Sediment Size 

ii. Additional [Slide #7: Chart of Variables] 
b. Continuity Equation [Slide #8: Graphics] 

i. Sediment in -Sediment out = Change in Storage 
ii. Lane Relation 

References: 
1. BUREC Pemberton & 

Land Scour Manual 
2. FHWA- Highways in 

River Environment 

c. Base Level Adjustments [Slide #9: Graphics] 
i. Headcutting 
ii. Obstructions 

d. Resistance [Slide #1 0: Bullet List] 
i. Variables 

1. Sediment size 
2. Cohesion 
3. Vegetation 
4. Sorting 

ii. Armoring [Slide #11 : Illustration] 

1 
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References: 
1. ADWR Manual 
2. COE Sediment 

Engineering 
Manual 

Reference: 
1. City of Tucson 

Standards Manual 
for Engineering 
Design 

2. FHWA HEC-18 
3. FHWA HEC-20 

B. Sediment Transport Relations [Slide #12: Bullet List] 
1. Bed Load Equations 

a. Table of Equations [Slide #13] 
2. Total Load Equations 
3. Sediment Yield Equations 

a. Table of Equations [Slide #14] 
4. Evaluating Sediment Transport Relations [Slide #15: Bullet List] 

a. Applicability 
b. Data Set 
c. Comparison of Alternatives 
d. Order of Magnitude 
e. Field Verification 

C. Basic Scour Theory [Slide #16: Bullet List] 
1. Scour Components [Slide #17 : Illustration] 

a. General 
b. Anti-Dune 
c. Low-Flow Thalweg 
d. Bend 
e. Local 
f. Long-term [Slide #18: Illustration] 

2. Scour Prediction Methods and Equations [Slide #19: Bullet List] 
a. Basic variables 
b. Long-term scour 

D. Application- Interactive Discussion of Expected Response: 

1. Impacts of Floodplain Constriction [Slide #20-21 -Graphics] 
2. Impacts of Floodplain Expansion [Slide #22-23- Graphics] 
3. Impacts of Bank Stabilization [Slide #24-25- Graphics] 
4. Impacts of Channelization [Slide #26-27- Graphics] 
5. Local Scour at Structures [Slide #28-29- Graphics] 
6. Outflanking of Structure [Slide #30-31 -Graphics] 
7. Long-term Degradation [Slide #32-33- Graphics] 
8. Sedimentation [Slide #34-35- Graphics] 

Stan tee 
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Floodplain Issues in Transportation Design 
Presentation Outline by Section 

1/3/03 

Section IX: Overview of Acceptable Computer Models 

Est. Teaching Time: 30 minutes 
Approx # of Slides: 27 (19 Bullet Point, 8 Figures/Pictures) 

A. Hydrologic Models 

[1 slide, bulleted-;-with-sub-sectien overview] 

1. Regional Regression Equations [1 slide, bulleted, listing most recently 
developed equations by USGS (WSP--2433 for rural, WSP--2207 for 
urban areas), 1 slide of WSP--2433 cover] 

2. Rational Method [1 slide, bulleted, listing most commonly used 
variations in Arizona including ADOT, FCDMC and PCFCD, 3 slides 
showing covers of each of ADOT, FCDMC and PCFCD manuals] 

3. HEC--1 & HEC-HMS [1 slide, bulleted, ·identifying current version of 
HEC-HMS (Version 2.2.1 released 1 0/2002), 2 slides showing covers 
of HEC--1 manual and HEC-HMS manual, respectively] 

4. SWMM [1 slide, bulleted , describing water quality aspect of this EPA 
program] 

5. Others [1 or 2 slides listing other FEMA approved models using table 
from FEMA web site] 

B. Hydraulic Models 

[1 slide, bulleted , with sub-section overview] 

1. HEC--2 & HEC-RAS [1 slide, bulleted, listing most current version of 
each, 2 slides showing covers of users manual for each] 

2. WSPRO [1 slide, bulleted , briefly explaining this alternative model by 
the USGS] 

3. Others [2 slides listing the other FEMA approved models using table 
from FEMA web site, 1 additional slide identifying XSPRO (US Forest 
Service) program and spreadsheet applications, 1 slide listing culvert 
analysis moders such as HY --8] 

4. One-Dimens·fonal vs. Two-Dimensional Models [1 slide, bulleted , 
briefly expfaining and highlighting model differences and appropriate 
application] 

C. Sediment Transport Models 

[1 slide, bulleted, with sub-section overview] 

1. HEC--6 [1 slide, bulleted , listing most current version and model 
highlights and limitations] 

2. FLUVIAL--12 [1 slide, bulleted, listing most current version and model 
highlights and limitations] 

1 
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3. Others [1 slide, bulleted , listing other models available with direction 
on where to find more information on them (use info from FEMA table · 
and CTDM-89, Section 11 .5 on Culver/Bridge sediment transport)] 

2 
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General 

. The Rational Method was originally developed to estimate runoff from small areas 
and its use should be generally limited to those conditions. For the purposes of this 
manual,. its use should be limited to areas of up to 160 acres. fu such cases, the peak 
discharge and the volume of runoff from rainfall events up to and including the 
100-year, 2-hour duration storm falling within the boundaries of the proposed 
development are to be retained. If the development involves channel routing, the 
procedures given in Chapters 4 through 6 should be used, since the peak generated 
by the Rational Method cannot be directly routed. 

Rational Equation 

The Rational Equation relates rainfall intensity, a runoff coefficient and the water
shed size to the generated peak discharge. The following shows this relationship: 

Q=CiA (3.1) 

where 

Q = the peak discharge (cfs) from a given area. 

C = a coefficient relating the runoff to rainfall. 

i = average rainfall intensity (inches/hour), lasting for a Tc. 

Tc = the time of concentration (hours). 

A = drainage area ((lcres). 

The Rational Equation is based on the concept that the application of a steady, 
uniform rainfall intensity will produce a peak discharge at such a time when all 
points of the watershed are contributing to the outflow at the point of design. Such 
a condition is met when the elapsed time is equal to the time of concentration, Tc, 
which is defined to be the floodwave travel time from the most remote part of the 
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• FEMA Accepted Hydrologic Models: Determination of Flood Hydrographs 

TYPE PROGRAM DEVELOPED AVAILABLE FROM COMMENTS I BY 
Single HEC-1 4.0.1 and up2 U.S. Army Corps of Water Resources Support Center" Corps of Engineers Hydrologic Flood hydrographs at different locations along 
Event (May 1991) Engineers Engineering Center (HEC) 609 Second Street Davis, CA 95616- streams. Calibration runs preferred to determine 

4687 model parameters. 

HEC-HMS 1.1 and U.S. Army Corps of U.S. Army Corps of Engineers Hydrologic Engineering Center 609 The Hydrologic Modeling System provides a 
up (March 1998) Engineers Second Street Davis, CA 95616-4687 variety of options for simulating precipitation-

http://www.hec.usace.army.mil/ runoff processes. It has a capability to use 
gridded rainfall data to simulate runoff. It does not 
provide snowmelt and snowfall functions; it 
cannot be used for areas where snowmelt is an 
important flood hazard source and must be 
considered in estimation of flood discharges. 

TR-20 (February U.S. Department of U.S. Department of Commerce National Technical Information Flood hydrographs at different locations along 
1992) Agriculture, Natural Service 5285 Port Royal Road Springfield , VA 22161 streams. Calibration runs preferred to determine 

Resources model parameters. 
Conservation Service 

-
TR-55 (June 1986) U.S. Department of U.S. Department of Commerce National Technical Information Peak discharges and flood hydrographs at a 

Agriculture, Natural Service 5285 Port Royal Road Springfield, VA 22161 single location. 
Resources Conservation http://www.wcc.nrcs.usda.gov/water/quality/commonltr55/tr55.html 
Service 

SWMM (RUNOFF) U.S. Environmental Center for Exposure Assessment Modeling U.S. Environmental Calibration or verification to the actual flood 
4.30 (May 1994), and Protection Agency and Protection Agency Office of Research and Development events highly recommended . 
4.31 (January 1997) Oregon State University Environmental Research Laboratory 960 College Station Road 

Athens, GA 30605-2720 http://www.epa.gov/ceampubUswater/ 
Department of Civil, Construction, and Environmental Engineering 
Oregon State University 202 Apperson Hall Corvallis, OR 97331-
2302 http://www.ccee.orst.edu/swmm/ 
ftp://ftp.engr.orst.edu/pub/swmm/pc/ 

MIKE 11 UHM DHI Water and DHIInc. Simulates flood hydrographs at different locations 
(June 1999) Environment 301 South State Street along streams using unit hydrograph 

Newton, PA 18940 techniques. Three methods are available for 
calculating infiltration losses and three methods 
for converting rainfall excess to runoff. The web • page is at: http://www.dhi.dk 

DBRM 3.0 Bernard L. Golding, P.E. Center for Microcomputers in Flood hydrographs at different locations along 
(1993) Consulting Water Transportation (McTrans) streams. Calibration runs preferred to determine 

Resources Engineer University of Florida model parameters. 
Orlando, FL 512Weil Hall 

Gainesville, FL 32611-6585 

HYMO U.S. Department of U.S. Department of Commerce Flood hydrographs at different locations along 
Agriculture, National Technical Information Service streams. Calibration runs preferred to determine 
Natural Resources 5285 Port Royal Road model parameters. 
Conservation Service Springfield, VA 22161 

PondPack v.8 Haestad Methods, Inc. Haestad Methods, Inc. The program is for analyzing watershed networks 
(May2002) 37 Brookside Road and aiding in sizing detention or retention ponds. 

Wateribury, CT 06708-1499 Only the NRCS Unit Hydrograph method and 
http://www.haestad.com NRCS Tc calculation formulas are acceptable. 

Other hydrograph generation methods or Tc 
formulas approved by State agencies in charge of 

I 
flood control or floodplain management are 
acceptable for use within the subject State. 

Continuous DR3M U.S. Geological Survey U.S. Geological Survey National Center Calibration to actual flood events required . The 
Event (October 1993) 12201 Sunrise Valley Drive web page is at: 

Reston, VA 22092 http://water.usgs.gov/software/surface _ water.html 

HSPF 10.10 U.S. Environmental Center for Exposure Assessment Modeling Calibration to actual flood events required. The 
and up Protection Agency, U.S. Environmental Protection Agency web page is at: 
(December 1993) U.S. Geological Survey Office of Research and Development http://water. usgs. gov/software/surface _ water.html 

Environmental Research Laboratory 
960 College Station Road 
Athens, GA 30605-2720 

MIKE11RR DHI Water and DHIInc. The Rainfall-Runoff Module (RR, formerly NAM) 
(June 1999) Environment 301 South State Street is a lumped-parameter hydrologic model capable 

Newton, PA 18940 of continuously accounting for water storage in 
surface and sub-surface zones. Flood 
hydrographs are estimated at different locations 
along streams. Calibration to actual flood events 
is required . The web page is at: http://www.dhi.dk 

Interior HEC-IFH 1.03 and up U.S. Army Corps of Provides both continuous simulation and 
Drainage Engineers U.S. Army Corps of Engineers hypothetical event analyses. Coincidence 
Analysis Hydrologic Engineering Center frequency analysis (not included in the model) 

609 Second Street may be needed for some cases. Supporting 
Davis, CA 95616-4687 documentation is available at: 

www.fema.gov/miUtsd/dl_ifh.htm 
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• FEMA Acceptted Hydraulic Models: Determination of Water-Surface Elevations for 
Riverine Analysis 

DEVELOPED 
I 
I 

TYPE PROGRAM AVAILABLE FROM COMMENTS I 
BY 

One-dimensional HEC-RAS 2.2 U.S. Army Corps of Water Resources Support Center A HEC-2 file can be imported into HEC-RAS; the 
Steady Flow (September Engineers Corps of Engineers user must change the conveyance computations 

Models 1998) Hydrologic Engineering Center (HEC) in HEC-RAS and make the necessary 
609 Second Street modifications to the bridge modeling before 
Davis, CA 95616-4687 running HEC-RAS to duplicate the resu~s 
http://www.hec.usace.army.mil/ obtained using HEC-2. The WSPRO bridge 

analysis is recommended for constricted 
floodplains under subcritical flow conditions. 

HEC-RAS3.0 U.S. Army Corps of Water Resources Support Center Under rare circumstances, for bridges with low 
Engineers Corps of Engineers flow, and weir flow on the overbanks, HEC-RAS 

Hydrologic Engineering Center 3.0 may not be able to balance the flow using 
609 Second Street weir flow equation and low flow bridge analysis 
Davis, CA 95616-4687 methods. HEC-RAS 3.0 will then use the energy 

method, and the computed energy grade 
elevations and water-surface elevations may be 
on the high side. 

HEC-2 4.6.22 US Army Corps of Water Resources Support Center" Includes culvert analysis and floodway options. 
(May 1991) Engineers Corps of Engineers 

Hydrologic Engineering Center 
609 Second Street 
Davis, CA 95616-4687 

WSPRO US Geological Federal Highway Administration (FHWA) Floodway option is available in June 1998 
(June 1988 and Survey, web page at: version. 1988 version is available on the USGS 
up) Federal Highway http://www.fhwa.dot.gov/bridge/hyddescr.htm web page at: 

Administration http://water. usgs. gov/software/surface _ water.html 
(FHWA) 

FLDWY US Department of US Department of Commerce Determines the encroachment stations from 
(May 1989) Agriculture, National Technical information Service equal conveyance reduction method; used in 

Natural Resources 5285 Port Royal Road conjunction with WSP2. Encroachment stations 
Conservation Springfield, VA 22161 developed using this model must be re-entered in 
Service WSP2 model to property develop floodway. 

• QUICK-2 1.0 FEMA Federal Emergency Management Agency Intended for use in areas studied by approximate 
and up Hazard Identification Branch methods (Zone A) only. May be used to develop 
(January 1995) Mitigation Directorate water-surface elevations at one cross section or a 

500 C Street, SW series of cross sections. May not be used to 
Washington, DC 20472 develop a floodway. 

HY8 4.1 and up US Department of Federal Highway Administration (FHWA) Computes water-surface elevations for flow 
(November 1992) Transportation, web page at: through multiple parallel culverts and over the 

Federal Highway http://www.fhwa.dot.gov/bridge/hyddescr.htrn road embankment. Software and related 
Administration publication are available from Center for 
(FHWA) Microcomputers in Transportation (McTrans), 

University of Florida, 512 Weil Hail, Gainesville, 
FL 32611-6585; and on the web at: 
http://www-mctrans.ce.ufl.edu/ 

WSPGW12.96 Los Angeles Flood Joseph E. Bonadiman & Associates, Inc. Windows version of WSPG. Computes water-
(October 2000) Control District and 588 West 6" Street surface profiles and pressure gradients for open 

Joseph E. San Bernardino, CA 92410 channels and closed conduits. Can analyze 
Bonadiman & http://www.bonadiman.com multiple parallel pipes. Road overtopping cannot 
Associates , Inc. be computed. Open channels are analyzed using 

the standard step method but roughness 
coefficient can not vary across the channel. 
Overbank analyses cannot be done. Multiple 
parallel pipe analysis assumes equal distribution 
between pipes so pipes must be of similar 
material, geometry, slope, and inlet configuration. 
Floodway function is not available. Demo version 
available from: http://www.civildesign.com 

StormCAD v.4 Haestad Methods, Haestad Methods, inc. Perform backwater calculations. Should not be 
(June 2002) Inc. 37 Brookside Road used for systems with more than two steep pipes 

Waterbury, CT 06708-1499 (e.g. supercritical conditions). Inflow is computed 
http://www.haestad.com by using the Rational Method; the program is only 

applicable to watershed which has the drainage 
area to each inlet tess than 300 acres. 

Pond Pack v .8 Haestad Methods, Haestad Methods, Inc. Cannot model ineffective flow areas. HEC-RAS 
(May 2002) Inc. 37 Brookside Road or an equivalent program must be used to model 

Waterbury, CT 06 708-1499 tail water conditions when ineffective flow areas 
http://www.haestad.com must be considered. 

Culvert Master Haestad Methods, Haestad Methods, Inc. Compute headwater elevations for circular 
v.2.0 Inc. 37 Brookside Road concrete and RCB culverts for various flow 
(September Waterbury, CT 06708-1499 conditions. 
2000) http://www.haestad.com 



• One-dimensional HEC-RAS 3.0 US Army Corps of Water Resources Support Center Calibration or verification to the actual flood 
Unsteady Flow Engineers Corps of Engineers events highly recommended. Floodway concept 
Models Hydrologic Engineering Center (HEC) formulation unavailable. 

609 Second Street 
Davis, CA 95616-4687 
http://www.hec.usace.army.mil 

FEQ 8.92 and Delbert D. Franz, US Geological Survey The FEQ model is a computer program for the 
FEQUTL4.68 Linsley, Kraeger 221 North Broadway Avenue solution of full , dynamic equations of motion for 
(1997, both) Associates; and Urbana, IL 61801 one-dimensional unsteady flow in open channels 

Charles S. Melching, http://water.usgs.gov/software/surface_water.html and control structures. The hydraulic 
USGS and technical support available at characteristics for the floodplain (including the 

http://www-il.usgs.gov/proj/feq/ channel, overbanks, and all control structures 
affecting the movement of flow) are computed by 
its companion program FEQUTL and used by the 
FEQ program. Calibration or verification to the 
actual flood events highly recommended . Type 5 
culvert flow computations of FEQUTL need 
verification with results obtained using 
methodology or models accepted for NFIP use. 
Floodway concept formulation is unavailable. 

ICPR 2.20 Streamline Streamline Technologies, Inc. Calibration or verification to the actual flood 
(October 2000) Technologies, Inc. 6961 University Boulevard events highly recommended . Floodway concept 
and 3.02 Winter Park, FL 32792 formulation unavailable; however, version 3 
(November 2002) http://www.streamnologies.com allows user to specify encroachment stations to 

cut off the cross section. 
-· 

SWMM4.30 US Environmental Center for Exposure Assessment Modeling Calibration or verification to the actual flood 
(May 1994), and Protection Agency US Environmental Protection Agency events highly recommended . Structural loss 
4.31 (January and Oregon State Office of Research and Development calculations unavailable and must be 
1997) University Environmental Research Laboratory accommodated via roughness factor 

960 College Station Road manipulation. Floodway concept formulation 
Athens, GA 30605-2720 unavailable. Preferably, for NFIP purposes, head 
http://www.epa.gov/ceampubl/swater/ losses at bridges should be verified using 

WSPRO; losses at culverts should be verified 
using the US Geological Survey's six equations 

Department of Civil, Construction, for culvert analysis. Losses at storm sewer 
and Environmental Engineering junctions should also be verified with separate 
Oregon State University calculations; contact FEMA for guidance with 
202 Apperson Hall these calculations. Supporting documentation for 
CorvaJiis, OR 97331-2302 floodway calculations is available at: • http://www.ccee.orst.edu/swmm/ http://www.fema.govlmitltsdldl_swrnm.htm . 
ftp://ftp.engr.orst.edu/publswrnm/pd 

UNET4.0 US Army Corps of Water Resources Support Center Calibration or verification to the actual flood 
(April 2001 ) Engineers Corps of Engineers events highly recommended . Comparison of 

Hydrologic Engineering Center (HEC) bridge and culvert modeling to other numerical 
609 Second Street models reveals significant differences in results; 
Davis, CA 95616-4687 these differences may be investigated in the near 

future. Floodway option currently under review, 
not accepted for NFIP usage. 

FLDWAV National Weather Hydrologic Research Laboratory Includes all the features of DAMBRK and 
(November 1998) Service Office of Hydrology DWOPER plus additional capabilities. It is a 

National Weather Service, NOAA computer program for the solution of the fully 
1345 East-West Highway dynamic equations of motion for one-dimensional 
Silver Spring, MD 20910 flow in open channels and control structures. 

Floodway concept formulation is unavailable. 
Calibration to actual flood events required . This 
model has the capability to model sediment 
transport. Program is supported by NWS. 
Supporting documentation is available at: 
http://www.fema.gov/mitltsd/dl_fdwv.htm 

MIKE 11 HD DHI Water and DHIInc. Hydrodynamic model for the solution of the fully 
(June 1999) Environment 301 South State Street dynamic equations of motion for one-dimensional 

Newton, PA 18940 flow in open channels and control structures. The 
floodplain can be modeled separately from the 
main channel. Bridge flow computations need 
verification with results obtained using 
methodologies or models accepted for NFIP 
usage. Calibration to actual flood events required. 
Floodway concept formulation is unavailable. 
This model has the capability to model sediment 
transport. The web page is at: http://www.dhi.dk 

FL0-2D v. · Jimmy S. O'Brien, FL0-2D Software, Inc. Hydrodynamic model for the solution of the fully 
2000.11 Ph.D., P.E. Tetra Tech, ISG dynamic equations of motion for one-dimensional 
(December 2000) P.O. Box 66 flow in open channels and two-dimensional flow 

Nutrioso, AZ. 85932 in the floodplain. Bridge or culvert computations 
must be accomplished external to FL0-2D using 
methodologies or models accepted for NFIP 
usage. Calibration to actual flood events required. 
Floodway computation is unavailable. 
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Two-dimensional TABS US Army Corps of Coastal Engineering Research Center Limitations on split flows. Floodway concept 
Steady/Unsteady RMA2v. 4.3 Engineers Department of the Army formulation unavailable. More review anticipated 
Flow Models (October 1996) Waterways Experiment Station for treatment of structures. 

RMA4v. 4.5 Corps of Engineers 
(July 2000) 3909 Halls Ferry Road 

Vicksburg , MS 39180-6199 

FESWMS 2DH US Geological US Geological Survey Region 10 has conducted study in Oregon. 
1.1 and up Survey National Center Floodway concept formulation unavailable. This 
(June 1995) 12201 Sunrise Valley Drive model has the capability to model sediment 

Reston, VA 22092 transport. 
http://water.usgs.gov/software/surface_water.html 

FL0-2D v. Jimmy S. O'Brien, FL0-2D Software, Inc. Hydrodynamic model that has the capabil ities of 
2000.11 Ph.D., P.E. Tetra Tech, ISG modeling unconfined flows, complex channels, 
(December 2000) P.O. Box 66 sediment transport, and mud and debris flows. It 

Nutrioso, AZ. 85932 can be used for alluvial fan modeling. 

Floodway SFD US Army Corps of Federal Emergency Management Agency Simplified floodway procedure for streams with 
Analysis Engineers/FEMA Hazard Identification Branch no regulatory floodway limits. 

Mitigation Directorate 
500 C Street, SW 
Washington, DC 20472 

PSUPRO Pennsylvania State Federal Emergency Management Agency Encroachment analysis for streams with no 
University/ Hazard Identification Branch regulatory floodway limits. 
US Army Corps of Mitigation Directorate 
Engineers/FEMA 500 C Street, SW 

Washington, DC 20472 
<- .. 
The enhancement of these programs 1n ed1tmg and graphical presentation can be obta1ned from several pnvate 

companies. 
3Program is typically distributed by vendors and may not be available through HEC. A list of vendors may be 
obtained through HEC . 
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Sediment Transport Models Accepted by FEMA for NFIP Usage 
(Nationally Accepted Models- shown in descending order of approximate usage) 

Effective: September 30, 2001 

TYPE PROGRAM DEVELOPED AVAILABLE COMMENTS 
BY FROM 

Sediment Transport MoCiels: Detennination of Sediment Transport for Riverine 
Analysis1 (sediment n:todeling must reflect current conditions only)"' , 

HEC-6 4.1 U.S. Army Corps of U.S. Army Corps One-dimensional movable boundary open-channel flow model for 
(August 1993) Engineers of Engineers simulating and predicting changes in river profiles resulting from 

Hydrologic scour and deposition. The model was designed to simulate 
Engineering changes over moderate time periods such as years but 
Center applications to single flood events are possible. Single flood event 
609 Second Street analyses should be performed with caution. The program and 
Davis, CA 95616 documentation are available at the web page: 

I 

A 

htt(l :/lwww.hec.usace.army.miVsoftware/software distrib/index.html 

MIKE 11 DHI Water and DHIInc. Computes transport of non-cohesive and cohesive sediments. For 
(June 1999) Environment Eight Neshaminy non-cohesive sediment transport, two modes of computation are 

lnterplex available. Sediment transport rates and accumulated volumes of 
Suite 219 deposition and erosion are reported at designated cross sections 
Trevose, PA (explicit mode) or the bed level of the channel is updated through 
19053 the sediment continuity equation and feedback with the 

hydrodynamic module (morphological mode). For cohesive 
sediment transport, the streambed is modeled with multiple layers 
with separate sediment properties for each layer. The web page is 
at: htt(l ://www.dhi.dk 

TABS U.S. Army Corps of Coastal Two-dimensional model for depth-averaged transport of cohesive-
-SED2D4.5 Engineers Engineering or a representative grain size of noncohesive- sediments and their 
(June 2000) Research Center deposition, erosion, and formation of bed deposits. 

Department of the 
Army 
Waterways 
Experiment 
Station 
Corps of 
Engineers 
3909 Halls Ferry 
Road 
Vicksburg , MS 
39180-6199 

l . . .. 
Sed1ment transport analys is capab1ht1es are features m the follow1ng hydraulic models. FL0-20 , 

FESWMS, and FLDWAV. 
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CULVERT OUTLET VELOCITY 

Less than 4 f ps 

More than 4 fps and 
less than 10 fps 

More than 10 fps 

XI. CULVERTS 

SUGGESTED OUTLET 
PROTECTION 

No protection required 

Dumped rock riprap 

Wire-tied riprap 

If the velocity is greater than 10 fps, consider using a concrete energy dissipator, 
or increasing culvert size. 

2. Structurally-designed downstream cut-off walls should be installed whenever 
the equilibrium channel slope is less than the existing channel slope. Refer 
to Chapter VI of this Manual for the sizing and spacing of cut-off walls. 

3. Downstream embankment stabilization should be provided whenever the 100-
year design flood overtops the roadway for a continuous period of time 
exceeding I 0 minutes in duration (Pima County Department of Transportation 
and Flood Control District, 1984, P . . VI-8). 

• 11.5 Culvert vs. Bridge Crossings 

• 

Sedimentation at culvert crossings may be a problem when the culvert cannot 
transport all of the sediment being delivered by the approach channel. In general, pipe 
culverts will transport less sediment than box culverts, and smooth pipes (e.g. , 
concrete) will transport more sediment than corrugated metal pipes. However, the most 
effective method of eliminating sedimentation problems is to utilize a bridge structure 
which minimizes changes to the hydraulics or geometry of the approach channel. 
Equation 1 1.9 is provided as an aid to the engineer in determining if a particular 
culvert crossing may experience sediment·· deposition either within the culvert or at its 
entrance. 

~. 

Where: 
~8 
Qac 

Qp 
sac 
sp 
11ac 

[ ]

1.66 [ l-1.55 [ l 0.91 Qac Sac . nac Rae 
--- --- --- ---

Qp SP nP RP 

Sediment-transport ratio (channel to culvert); 
Discharge in approach channel, in cubic feet per second; 
Total culvert discharge, in cubic feet per second; 
Longitudinal slope of approach channel , in feet/ foot; 
Longitudinal slope of culvert, in feet/foot; 
Manning's roughness coefficient for the approach channel; 

11.17 

{11.9) 
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X. 

Floodplain Issues in Transportation Design 
Presentation Outline By Section 

1/3/02 
Teaching Time: 30 Minutes 

Approx. 20 Slides Total: 
--10 Figures/Pictures 

Overview of Design Guidelines --10 Bullet Point Slides 

Concentrate Teaching Time on the Following Topics: 

A. Bridges 

Design Tips: 

Many City and County drainage design manuals provide guidance on 
bridge design, including recommendations to : 

a) Use Computerized step-backwater model such as HEC-2, HEC
RAS orWSPRO 

b) Take cross sections 1) far downstream 2) at the face of the 
bridge 3) at the bridge opening 4) far upstream 

c) Utilize guidance (such as Hydraulics of Bridge Waterways) 
produced by Federal Highway Administration and/or the U.S . 
Army Corps of Engineers 

d) Utilize Scour Countermeasures: such as prov1s1on of deep toe
downs on bridge piers & abutments or construction of spur dikes 
and jetties 

e) Meet minimum freeboard requirements listed in the literature 

FOR THE ABOVE USE EXCERPTS OF: 
CCDC-01 (5.4) 
CCDM-99 (1 005) 
CTDM-89 (9.5) 

1 

Stan tee 
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B. Culverts 

USE FIGURE 1001 , 1002, 1004 OF CCDM-99 
USE FIGURE 5-1 & 5-2b, 5-3, 5-13a, 5-13b OF CCDC-01 

Design Tips: 

+ Many City and County drainage design manuals provide excellent 
guidance and examples on culvert design, including: 

a) Step-by-Step Procedures for Sizing Culverts 

b) Explanations/Equations of Culvert Hydraulics 

c) Determining whether a culvert is under inlet or outlet 
control 

d) Guidance for Culvert Inlet/Outlet Design & Protection 

e) Countermeasures for Sedimentations & Erosion in culverts 

f) Nomographs to simplify equation solving 

g) Equations to evaluate the appropriateness of using a 
culvert in lieu of a bridge 

h) Culvert material selection guidance 

FOR THE ABOVE USE EXCERPTS OF: 

CCDC-01 (5.1 to 5.3) 
CCDM-99 (1001 to 1004) 
CTDM-89 (11) 
YCDM-98 (8.2 to 8.4) 

C. Dip Crossings 

Definition: "Crossings of watercourses which are designed to allow 
drainage to flow across roadways at-grade are commonly referred to as 
either 'at-grade' or 'dip' crossings" (CTDM-89) . 

Stantec 
2 
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Design Tips: 

CTDM-89 provides design tips for Dip Crossings such as the 
following : 

a) Design Dip Crossings to have a 4% mm1mum cross
slope to reduce roadway sedimentation 

b) At a minimum, place a two-foot-deep cutoff wall along 
the upstream side of the dip crossing to protect against 
general scour 

c) Place a minimum 3-foot-deep cutoff wall downstream 
of the dip crossing to protect against local scour and 
channel degradation 

D. Low-Flow Crossings 

USE FIGURE 8.2 OF CTDM-89 

Definition: When "the bottom of the channel cross section is too wide to 
efficiently convey the low-flow discharges .. . more frequent discharges will 
create an incised low-flow channel that may meander back and forth 
across the bed of the channel, instead of allowing flow to spread 
uniformly across the entire channel width." And , "the meandering 
process can cause frequent and unnecessary scouring at the toe of the 
primary banks ... [which can] even destabilize totally lined channels." 
(CTDM-89). 

Design Tips: 

CTDM-89 provides design tips for Dip Crossings such as the 
following: 

a) Possibly construct a low-flow channel within any larger 
channel in order to restrict the low flows to a 
designated area within the primary channe l. 

b) The designed low-flow channel should be designed 
such that the unit discharge associated with the 2-year 
storm event is the same as pre-construction conditions. 

Mention That Design Guidance Are Similarly Available For The Following 
Topics (See the class CD provided): 

E. Levee Systems 
F. Channelization 
G. Super-Elevation 

Stantec 
3 
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VIII. OPEN-CHANNEL DESIGN 

CHANNEL WITH LOW-FLOW CHANNEL ( NTS) 

GROUND 
SURFACE 

FIGURE 8.2 

-a-FOOT -THICK 
SOIL CEMENT 

COMPOUND CHANNEL ( NTS) 

TYPICAL LOW- FLOW AND COMPOUND CHANNELS 
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CHAPTER 5: CULVERTS AND BRIDGES 

Culverts are typically used to convey stormwater through an embankment or may serve as the 
primary outlet for detention facilities. · Culverts are typically aligned with natural washes, 
watercourses, or open channels which serve as the primary outfall for local and regional 
drainageways. The design of culverts is influenced by purpose, hydraulic efficiency, site topography, 
effects on adjacent property, and cost. Bridges are typically not practical or warranted for most 
roadway crossings in the Flagstaff area, however bridge design criteria is presented in this chapter. 

The purpose of this chapter is to present policies and criteria for the design and construction of 
roadway culverts. The culvert design procedures presented in this chapter are based on FHW A 
Hydraulic Design Series No. 5 (HDS-5), Hydraulic Design of Highway Culverts, 1985. HDS-5 
design procedures should be used to expedite the review and approval of culvert designs. 

5.1 POLICIES 

a. All culverts shall be hydraulically designed to determine whether inlet and outlet 
control conditions govern for the design storm discharge(s). 

b. Culverts shall be used where: 

1. 
2. 
3. 

bridges are not hydraulically required, 
debris and ice are tolerable, and 
they are more economical than a bridge structure. 

Bridges shall be used: 

1. where culverts cannot be used, 
2. where more economical than a culvert, 
3. to satisfy land use requirements, 
4. to mitigate environmental harm caused by a culvert and fill , 
5. to avoid flood way encroachments, and 
6. to accommodate ice and large debris. 

Bridge structures will require special design and review considerations as approved 
by the County Engineer. 

c. Culverts shall be located and designed to present a minimum hazard to traffic, 
persons, and property. Projecting ends shall not be permitted for culverts 
intended to become public . 
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d. Survey and resource information should include topographic features, channel 
characteristics, aquatic 1 life, riparian habitat, highwater information, existing 
structures, and other related site specific information, as applicable. 

e. Roadway culverts shall be designed to accommodate debris or proper provisions shall 
be made for debris maintenance. Where practicable, some means shall be provided 
for personnel and equipment access to facilitate maintenance. 

f. Material selection shall include consideration of service life, hydraulic efficiency, and 
maintenance and shall not be made using first cost as the sole criteria. 

g. Low water or at-grade, dip crossings of FEMA designated/mapped washes or other 
riverines are not permitted for public or private roadways which serve as the primary 
access to a development or single family residence. r 

h. Culvert or bridge crossings of FEMA designated/mapped washes shall be analyzed 
with HEC-2 Water Surface Profiles or HEC-RAS. It must be demonstrated and 
certified by the engineer that there will be no significant increases on the base flood 
elevations(s) and/or limits upstream or downstream of the crossing. 

1. Erosion control measures may be required in all construction plans, as determined by 
the County Engineer. These measures shall include, but not be limited to silt boxes, 
straw silt barriers, filter cloth, temporary silt fences, and check dams to minimize 
pollution of streams and damages to wetland areas . 

. 5.2 CULVERT DESIGN CRITERIA 

Performance curves shall be developed for all public culverts for evaluating hydraulic capacity 
versus various headwater depths, outlet velocities, and scour depths. 

The culvert length and slope shall be chosen to approximate existing topography, and to the degree 
practicable, the culvert shall be aligned with the channel bottom and the skew angle of the 
watercourse. 

Multiple barrel culvert crossings should fit onto the natural channel cross-section with minimal 
widening of the channel so as to avoid conveyance loss and sediment deposition. Multiple barrel 
culverts shall be avoided where the approach velocity is high, particularly supercritical, to avoid 
adverse hydraulic jump effects. 

The minimum velocity through a culvert should be three (3) feet per second when the culvert is 
flowing partially full. The maximum allowable velocity for corrugated metal pipe should not exceed 
twenty (20) feet per second . 
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5.2.1 Design Storm Criteria 

Roadway culverts shall be· designed to convey the following frequency flows without roadway 
overtopping: 

Local Streets ..... .. ... . ..... . ....... . . .... . . 25-year 

Collector/Arterial Streets .......... .... . 50-year 

FEMA Mapped Watercourses ......... 100-year 

The weir flow depth for the 1 00-year design storm shall be limited to 0.5 feet or less for roadways 
serving as secondary access to a development or subdivision. 

Public roadway culvert or bridge crossings of riverine areas with a contributing watershed greater 
than 1/4 square miles should be designed to convey the 1 00-year peak discharge with no roadway 
overtopping. Bridge crossings for all other types of roadway classifications and crossings shall be 
designed for the 50-year storm event at a minimum. 

Private streets or accesses crossing public drainage ways or FEMA designated floodplains shall be 
designed to convey the channel design discharge or the 1 00-year discharge whichever is greater. 

Public facilities such as underpasses, depressed roadways, etc. where no overflow relief is available 
shall be designed for the 50-year event. 

At-grade, dip crossings which serve as the primary access to a development are not permitted. 
Secondary access crossings of broad shallow washes, where installation of a culvert or bridge is 
impractical, may be dipped to allow the entire flow to cross the roadway. The pavement section 
must have a one-way cross slope in the direction of flow without raised curbs or medians. Cut-off 
walls and aprons will be required on both the upstream and downstream edges on the pavement to 
prevent headcutting and erosion. 

5.2.2 Skewed Culverts 

Culverts should be designed to closely conform to the natural stream in alignment, slope, and width, 
whenever possible. As a result, culverts are often skewed with respect to the roadway centerline. 
The culvert skew angle shall not exceed forty-five (45) degrees as measured from a line 
perpendicular to the roadway centerline. 

Headwalls and wingwalls are required on all skewed culverts. Alterations of the normal inlet 
configuration are generally required due to culvert skew. Inlets are often skewed with respect to the 
centerline of the culvert so that the headwalls are parallel to the roadway centerline to avoid warping 
of the roadway embankment fill. Figure 5-1 illustrates typical skewed headwall and wingwall 
configurations . 
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• 5.2.3 Headwater and Tailwater Conditions 
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5.2.3.1 Allowable Headwater 

The allowable headwater (HW) is the depth of water that can be ponded at the upstream end of a 
culvert and shall be limited to one or more of the following parameters: 

1. No damage or inundation to upstream property; 
· 2. No greater than the low point in the road grade; 
3. Equal to the elevation where flow diverts around the culvert; or 
4. For culverts with cross-sectional area equal to or less than 30 sq. ft. - HW/D ~ 1.5; 

and for culverts with cross-sectional area greater than 30 sq. ft.- HW/D ~ 1.2. 

A submerged inlet occurs when the headwater is greater than 1.2 times the pipe diameter (D). The 
ponded headwater elevation should be evaluated and plotted on the public improvement plans to 
ensure adequate drainage easement is reserved and flooding of adjacent property or buildings will not 
occur for the design storm. · 

5.2.3.2 Tailwater Relationship 

A submerged outlet occurs where the tailwater elevation is higher than the crown of the culvert. For 
design purposes, downstream conditions which result in high tail water should be avoided if possible . 

A free outlet has a tailwater equal to or lower than critical depth. For culverts having free outlets, 
lowering the tailwater has no effect on the discharge or the backwater profile upstream of the 
tail water. 

The tailwater depth may be computed as the highest value of the following criteria: 

1. The normal depth in the downstream channel for subcritical flow regimes; 
2. The critical depth and equivalent hydraulic grade line if the outlet is operating with a 

free outfall; 
3. The high water elevation that has the same design frequency if outlet is a detention 

basin, channel, or other body of water; or 
4. The quantity (de+ D)/2; where de= critical depth (ft.), and D = pipe diameter (ft.) 

If culverts are placed in close proximity to each other, the headwater of the downstream culvert may 
influence the tailwater depth of the downstream culvert. It may be necessary to use the headwater 
elevation of a nearby downstream culvert if it is greater thc.n the tailwater depth of the upstream 
culvert or normal depth ·in the channel. 
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5.2.4 Inlet and Outlet Treatment 

5.2.4.1 Inlets 

Culvert inlets shall match the geometry of the roadway embankment whenever possible. In order to 
reduce headwater elevations, improve inlet capacity, and prevent damage to roadway embankments 
and culvert ends, the use of concrete headwalls and wingwalls, side or slope tapered inlets, and 
beveled edges may be required. 

Commercial end sections are permitted on culverts 36" in diameter or less,ifthe design headwater is . 
acceptable and other embankment protection measures are used. Concrete headwalls are required on 
all public culverts greater than 36" in diameter. Typical headwall and wingwall configurations are 
illustrated in Figure 5-l. Details of beveled edge, side tapered, and slope tapered inlets are illustrated 
in Figure 5-2a, 5-2b, and 5-2c respectively. Entrance loss coefficients (Ke) used for culvert design 
and analysis are given in Table 5-l. 

Aprons may be required if high headwater depths are encounte~ed or the approach velocity in the 
channel will cause scour. Aprons shall extend at least one p.ipe diameter beyond the pipe invert and 
shall not protrude above the normal channel or streambed elevation. 

Concrete headwalls and aprons shall be constructed in accordance with MAG Standard Details 
and/or Arizona Department of Transportation, Highways Division, Structures Section Standard 

• Drawings. · 

• 

Metal pipe culverts with a span or diameter greater than 48 inches shall have a cut-off wall where the 
outlet velocity and downstream bed material may result in local scour. 

Improved inlets shall only be considered for culverts which operate under inlet control. Information 
and design procedures for improved inlets can be found in FHW A, Structural Design Manual For 
Improved Inlets And Culverts, 1983 or HDS-5. 

Inlet rip rap protection for commercial end sections shall extend around and over the top of the inlet a 
minimu.rn of two (2) feet. Road~ays designed for overtopping will require additional slope 
protection for the upstream and downstream spillway sections. 

The use of drop inlets on c1,1lverts is discouraged due to problems associated with sediment and 
plugging of grate inlets. Drop inlets shall only be used when the upstream channel sides and bottom 
are bank protected and significant sediment loads are not anticipated. It should be noted that HDS-5 
inlet control nomographs do not apply to drop inlets since the additional losses caused by the 
plunging flow are not accounted for. In this case, the analysis for a storm drain inlet should be used . 
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FLOW NORMAL TO EMBANKMENT 

FLOW SKEWED TO EMBANKMENT 
. .~-----.. 

FLOW PARALL"c:~ TO EMSANKMENT 

FLOW AND CULVERT SI\EWEQ 
TO EMBANKMENT 

FigUre 5-l: Headwall and W"mgwall Configurations 
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Figure S-2a: Beveled Edge Det2il . 
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Figure S-2b: Side Tapered Inlet Figure S-2c: Slope Tapered Inlet 
Source: FHW A, HDS-5, 1985 
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TABLE 5-1: ENTRANCE LOSS COEFFICIENTS 

TYPE OF STRUCTURE AND ENTRANCE DESIGN COEFFICIENT, Ke 

Pipe, Concrete: 
Mitered to conform to fill slope 0.7 
Projecting from fill , sq. cut end 0.5 
Projecting from fill, socket end (grooved end) 0.2 
Headwall or headwall w/wingwalls 

Socket end 0.2 
Square edged 0.5 
Rounded (radius= 1/12D) 0.2 

Manufactured end section conforming to slope 0.5 
Beveled edges, 33.7° or 45° bevels 0.2 
Side or slope tapered inlet 0.2 

Pipe, or Pipe-Arch, Corrugated Metal: 
Projecting from fill (no headwall) 
Mitered to conform to fill slope, paved 

or unpaved slope 
Headwall or headwall w/wingwalls, square edged 
Manufactured end section conforming to slope 
Beveled edges, 33.7° or 45° bevels 
Side or slope tapered inlet 

Box, Reinforced Concrete: 
Headwall parallel to embankment (no wingwalls) 

Square-edged on 3 edges 
Rounded on 3 edges to radius 1/12 barrel 

dimension, or beveled top edge 
Wingwalls at 30° to 75° to barrel; 

Square edged at crown 
Crown edge rounded to radius of 1/12 barrel 

dimension, or beveled top edge 
Wingwall at.l oo to 25° to barrel 

Square-edged at crown 
Wingwalls parallel (extension of sides) 

Square-edged at crown 
Side or slope tapered inlet 

Source: USDOT, FHWA, HDS-5, 1985 . 
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• . 5.2.4.2 Buoyancy Protection 

• 

• 

Buoyancy or flotation is the phenomenon by which a culvert fails due to uplift forces. The buoyancy 
force is produced by high head on the outside of the culvert and a region of low pressure on the 
inside of the inlet caused by flow separation. This results in a bending moment exerted on the end of 
the culvert. This typically occurs on culverts under high head, on steep slopes, with projecting or 
mitered inlets, with debris blockage, with damaged inlets, or on large culvert skews. Large 
projecting or mitered corrugated metal pipe culverts are most susceptible to buoyancy. Concrete 
headwalls, slope paving or other means of anchoring shall be considered for all flexible culverts, 
particularly when embankment fill heights are less than 1.5 times the pipe diameter or fill slopes are 
flatter than 1 H: 1 V. Rigid pipes susceptible to separation at the joints should be protected with tie 
bars. It is recommended to limit the headwater depth to 1.5 times the culvert height to help prevent 
buoyancy. 

5.2.4.3 Outlets 

The design of culvert outlets shall be based on structural considerations to protect the culvert outlet 
and embankment from local scour, bank sloughing, and general channel degradation, rather than 
hydraulic efficiency. Headwalls are required on all public culvert outlets (see Inlets section). 

The maximum velocity at the culvert outlet shall be consistent with the velocity in the natural 
channel. Appropriate protection shall be considered when outlet velocities are between 4.0 and 15 
ft/sec. Recommended outlet treatments are shown in Table 5-2. 

Outlet velocities greater than 15 ft/sec shall be mitigated with energy dissipation as outlined in 
Chapter 11 of this manual. 

TABLE S-2 OUTLET PROTECTION MEASURES 

OUTLET VELOCITY LEVEL OF PROTECTION 

Less than 4 fps No protection required 

4 to 10 fps Dumped rock riprap apron 

10 to 15 fps Wire tied rock riprap 1 

Greater than 15 fps Energy Dissipater 

1 It is recommended to use a concret~ energy dissipater or increase the culvert 
size if velocities are greater than ten ( 1 0) feet/second . 
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5.2.4.4 Riprap Apron Design Procedure 
I 

Typical riprap aprons, as illustrated in Figure 5-3 , are suitable for use with outlet velocities not 
exceeding ten (1 0) feet per second. 

The following procedure is based on criteria developed for the U.S. Environmental Protection 
Agency, 1976. The riprap outlet protection configuration used in this procedure is illustrated in 
Figure 5-4. 

Referring to Figure 5-4, the apron length (La) is computed by: 

La= (1.8Q I D1.s) + 7D forTW<O.SD (5.1) 

and, 

La = (3Q I D1~ + 7D for TW :: O.SD (5.2) 

where: Q = design discharge, ftls 
D = maximum inside culvert width, ft 
TW = tail water depth, ft . 

Where there is no well defined channel downstream of the culvert apron, the width (Wa) of the 
downstream end of the apron is computed as follows : 

Wa=3D+La forTW <O.SD (53) 

and, 

Wa =3D+ 0.4La for TW :: O.SD (5.4) 

The width of the upstream end of the riprap apron at the culvert outlet should be at least three (3) 
times the culvert width (D). · 

The median riprap apron rock size (Dso) can be computed by the following equation: 

Dso = [0.02 (Q)413
] I [TW (D)] (5.5) 

5.2.4.5 Saftty Considerations 

During design and construction, culvert entrances may require safety precautions to protect life, 
health, traffic, and adjacent property. This may include the use of safety measures such as fencing, 
handrails, guard rails, warning signs, and safety/trash racks to limit or deter access by the public. · 
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Pipe Outlet to Flat Area
No Well-defined Channel 

Plan 

. Section AA 

Pipe Outlet to Well-defined 
Channel 

Figure S-3: Riprap Outlet Protection 

"'Filter 
blanket 

Source: North Carolina Erosion and Sediment CoDtrol Manual 
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Traffic should be protected from culvert ends as follows : 

1. 

2. 

5.2.4.6 

Small culverts (24" in diameter or less) can use a commercial end section or a sloped 
concrete wingwalls. 
Culverts greater than 24" in diameter shall receive one of the following treatments: 
a. be extended to the appropriate "clear zone" distance per AASHTO Roadside 

Design Guide. 
b. Safety treated with a grate if the consequences of clogging and causing a 

potential flood hazard is less than the hazard of vehicles impacting an 
unprotected end. If a grate is used, an open area shall be provided between 
the bars of 1.5 to 3.0 times the area of the culvert entrance. 

c. Shielded with a guard rail if the culvert is very large, cannot be extended, has 
a channel which cannot be safely traversed by a vehicle, has significant 
flooding hazard with a grate, or has headwalls which protrude 6" or higher 
above driving surface within the "clear zone". 

Debris Control 

Debris control should be designed using FHWA, Hydraulic Engineering Circular No. 9, Debris
c;ontrol Stru~tures and shall be considered for the following conditions: 

1. 

2. 
3. 
4. 

Where experience or physical evidence indicates the watercourse will transport a 
heavy volume of controllable debris, particularly in urbanized areas, 
For culverts located in mountainous or steep regions, 
For culverts that are under high fills , and 
Where maintenance access is limited. 

It is recommended, however, that increasing the pipe size be used as an alternative to grates (this 
does not apply to detention basin outlet pipes). 

5.2.5 Culvert Material and Installation 

5.2.5.1 Material Selection 

The material selected for culverts should be based on service life, durability, structural strength, 
hydraulic efficiency, bedding conditions, abrasion and corrosion resistance, and joint tightness. 
Acceptable materials for culverts intended to be public are: 

Corrugated Metal Pipe (CMP). 
Helical Corrugated or Spiral Rib Metal Pipe per MAG Section 760.3. 
Rubber Gasket Reinforced Concrete Pipe (RGRCP) - bell or groove and spigot or 
tongue . 
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• Reinforced Concrete Box Culvert (RCBC) per Section 5.2.5.2 . 
All metal pipe culverts shall be a minimum of 14 gauge, Aluminized Steel Type 2 pipe. Thicker 
gauge pip~ may be warranted with increases in fill height per manufacturers recommendations. 

Joints on metal pipe culverts, if required, shall be either rivet lap joint construction (annular 
corrugations) or continuous lock or welded seam (helical corrugations) and wrapped with non-woven 
geotextile filter fabric or "0" ring gaskets. 

5.2.5.2 Reinforced Concrete Box Culverts 

Reinforced Concrete Box Culverts (RCBC) shall be constructed in accordance with the ADOT 
Reinforced Concrete Box Culvert Manual (31-0 19), 1994 as revised; the ADOT Division of 
Highways Standard Drawings; and the following additional criteria: 

1. Precast box sections shall meet ASTM C850. 

2. The minimum acceptable RCBC height is three (3) feet for public facilities, however, 
four (4) feet is preferred due to maintenance concerns. 

3. All RCBC shall have inlet cut off walls and an appropriately designed outlet cut-off 
wall, four ( 4) feet minimum. 

4 . Joints shall be smooth, sealed with butyl rubber or asphaltic mastic, and wrapped 
with a minimum one (1) foot wide nonwoven geotextile fabric. 

Non-standard box culvert sizes may require special structural design. 

5.2.5.3 Culvert Sizes and Shape 

Minimum diameter for public roadway culverts shall be eighteen (18) inches or equivalent acrh pipe. 
Twelve (12) inch diameter pipes are permissible for private residential driveway crossings when 
adequate cover cannot be maintained. 

Selection of minimum pipe size should also account for potential blockage from debris and sediment 
deposition (this does not apply to detention facility outlet structures). 

Circular cross-sections are preferred, however, the use of arch or oval shapes is permitted only if 
dictated by hydraulic limitations, site characteristics, structural criteria, or environmental concerns. 

5.2.5.4 Cover Requirements 

Both minimum and maximum cover limits must be considered in the design of roadway culverts. 
Minimum cover limits are established to ensure the culvert's structural stability under live and impact 
loads. Dead loads become the controlling factor with increases in fill height. Procedures for 
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analyzing loads on buried conduit are outlined in the Handbook of Steel Drainage and Highway 
Construction Products and the Concrete Pipe Design Manual, latdst editions respectively . 

. The minimum allowable cover for culverts 18 to 36 inches in diameter shall be one (1) foot from top 
of pipe to top of subgade or top of finish grade if no subgrade is present. For culverts greater than 36 
inches· in diameter, minimum cover should be 30% of the culvert diameter, if possible. The top of 
any culvert should never extend above the roadway subgrade into the roadway street section. 

5.3 CULVERT DESIGN PROCEDURE 

Culvert design shall be in accordance with the procedures given in the Federal Highway 
Administration (FHWA) Hydraulic Design Series Number 5 (HDS-5), Hydraulic Design of Highway 
Culverts. The nomographs used in HDS-5 are based on inlet control and are considered to be 
accurate to within about 10 percent in determining the required inlet control headwater (FHW A 
1985). These nomographs were computed assuming a culvert slope of two (2) percent. For different 
culvert slopes, the nomographs are less accurate because inlet control headwater changes with slope. 
Computer programs used for culvert design and analysis should be fully HDS-5 compliant. The 

HY-8 computer program is also acceptable for culverts analysis. 

Inlet or outlet control must be determined to properly design a culvert. Because Manning's Equation 
assumes uniform, steady flow, it should not be used to design culverts due to the rapidly varied flow 
conditions associated with culvert hydraulics. 

The following procedure is based primarily on HDS-5 and uses the Culvert Design Form (the 
"Form") in Figure 5-5. This form is based on earlier versions published by the FHW A (1965) and 
the Arizona Department of Transportation (1973). 

Step 1. 

Step 2. ' 

Step 3. 

Summarize the design discharge, tailwater height, drainage basin area, stream slope 
and general channel shape under the heading Hydrologic Data on the Form. 

Select a preliminary culvert shape, size, material, and entrance type under the heading 
Culvert Description on the Form. Enter the total design flow (Q) and flow per barrel 
(Q/N) in Rows i and 2 respectively. 

Evaluate Inlet Control: 

a. Using the nomographs on Figures 5-6 through 5-9, locate the culvert size and 
flow rate on the appropriate scales. Nomagraphs for less common culvert 
shapes and materials can be found in FHW A HDS-5, HEC-5, HEC-1 0, or 
HEC-13 publications. 

b. Extending a line from the culvert size through the design flow rate, determine 
the appropriate headwater/culvert-height (HW/D) based on entrance type 
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• Step 4. 
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c. 

from Scales 1, 2, & 3. Enter HW/D into Row 3 on the Form . 

Multiply HW/D by the culvert height to obtain the required headwater (HW). 
If the approach ·velocity is negligible, or if it is intentionally disregarded by 

the designer, the headwater at the inlet (HWi) equals the HW computed from 
the HW/D ratio. If approach velocity is considered, subtract the approach 
velocity head 0/i

2 I 2g). Enter HWi in Row 4. 

d. Evaluate if the inlet should be depressed (FALL) below the streambed in 
order to obtain the additional hydraulic head required to operate the culvert. 
Compute FALL using the formula given in Technical Footnote 3 on the 
Form. Note: When making this determination, the impacts of sedimentation 
must be considered, otherwise a larger size culvert may be required. 

e. 

IfF ALL is negative or equals zero, set FALL equal to zero, and proceed to the 
next step. When FALL is positive and the culvert is under inlet control, the 
invert must be depressed below the streambed by this amount. If FALL is 
acceptable, enter FALL in Row 5 and proceed to the next step, however, if 
FALL is unacceptably large, select another culvert size and begin again at 
Step 3a. 

Compute the invert elevation (ELhi) of the inlet control section with the 
formula given in Technical Footnote 4. Enter this elevation into Row 6 . 

Evaluate Outlet Control: 

a. Determine the tailwater depth (TW) above the outlet invert by either normal 
depth for the design flow rate or backwater calculations (as appropriate) in the 
downstream channel and enter this depth in Row 7. 

b. From Figures 5-10 through 5-12, determine the critical depth (de) of flow in 
the culvert. For other culvert shapes, refer to HDS-5. Enter de into Row 8. 

c. 

d. 

e . 

NOTE: If de> 0.9D, consult the Handbook of Hydraulics (Brater and King) 
for a more accurate de determination, if needed, since the curves are truncated 
where they converge. 

For tailwater elevations (TW) less than the crown of the culvert, calculate as 
(de+ D) I 2, where Dis the height of the culvert. · 

Determine the depth from the outlet invert to the hydraulic grade line (ho) by 
selectmg the larger of either TW or [(de+ D)/2]. Enter this valu~ in Row 10. 

From Table 5-1 in this manual., obtain the appropriate entrance loss 
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Step 5. 

Step 6. 

• 

f. 

g. 

coefficient (Ke) for the proposed inlet configuration. Enter into Row 11 . 
Compute the head loss (H) using the formula in Technical Footnote 7 when 
downstream channel velocity is neglected. See Tables 5-3 and 5-4 for 
Mannings 'n' values. If the downstream channel velocity is included in the 
analysis, then use Equation 5.6. 

(5.6) 

where: H = head loss through culvert, feet, 
g =acceleration due to gravity, 32.2 ftlsec2

, 

V =average velocity of flow in culvert barrel, ftls 
Vi =channel velocity downstream of the culvert, ftls 
~ = entrance loss coefficient (Table 5-l ), 
n = Manning's roughness coefficient, 
L = barrel length, feet, 
R = hydraulic radius of the full culvert barrel, feet, 
R = AlP 
A =full cross-sectional area of flow, sq. ft. , 
P = wetted perimeter of the culvert barrel, feet. 

Enter headloss (H) in Row 12 . 

If the culvert has bends, junctions, or grates, Technical Footnote 7 or 
Equation 5.6 will not strictly apply. The engineer should refer to Chapter IV 
in HDS-5 for appropriat~ head loss parameters. Nomographs for evaluating 
'headloss under outlet control can also be found in HDS-5. 

Calculate the required outlet control headwater (ELho) which is defmed in 
Technical Footnote 8. Enter into Row 13. 

Compare the headwater elevations computed for both inlet (HWi) and outlet (ELho) 
control. The higher of the two values is designated as the controlling headwater 
elevation. If the controlling headwater elevation is higher than the design headwater 
previously established, the potential for using an improved inlet configuration should 
be considered if the culvert is under inlet control, giving consideration to 
sedimentation. Refer to Chapter IV in HDS-5 for · additional information on 
improved inlets . However, under outlet control, an improved i.J;Uet should not be 
considered. Instead the engineer should consider increasing the culvert size or adding 
more barrels. 

Calculate the outlet velocity: 
a. For inlet co~trol, determine the normal depth and velocity in the culvert from 

Manning's Equation. The velocity at normal depth is assumed to be equal to 
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Step 7. 
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b. 

the outlet velocity (see Figure 5-13a) . 

For outlet control, determine the area of flow at the outlet based on the culvert 
geometry and the following: 

1. Critical depth, if the tail water is below critical depth, 
2. The tailwater depth, if the tailwater is between critical depth and the 

crown of the culvert outlet, and, 
3. The culvert height, if the tailwater is above the crown of the culvert 

outlet. 

Once the flow area at the outlet is determined, the outlet velocity can be 
calculated by dividing the discharge in the culvert by the computed flow area 
(see Figure 5-13b). 

Compare the culvert . outlet velocity with the existing channel velocity to 
determine if outlet protection measures are required (see Section 5.2.3.2 of 
this Chapter) 

Repeat the design process if necessary until an acceptable culvert configuration is 
determined. Once the culvert geometry is determined, it must fit into the roadway 
cross section. The culvert must have adequate cover; the culvert length should be 
close to the roadway right-of-way width; and the headwalls and wingwalls must be 
properly dimensioned. 

If the selected culvert will not fit the site, return to the culvert design process and 
select another culvert and length. If neither improved inlets or flow routing are to be 
applied, document the design. An acceptable design should always be accompanied 
by a performance curve which. depicts culvert behavior over a range of discharges . 
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TABLE 5-3: MANNING'S "n" VALUES FOR CULVERTS 

TYPE OF CONDUIT 

Concrete pipe 

Concrete Box 

WALL/JOINT DESCRIPTION 

Good joints, smooth walls 
Good joints, rough walls 
Poor joints, rough walls 
Badly spalled 

Good joints, smooth finished walls 
Poor joints, rough, unfinished walls 

Corrugated Metal Pipes 2-2/3 by 1/2 inch corrugations 
and Boxes, Annular or 6 by 1 inch corrugations 
Helical Corrugations 5 by 1 inch corrugations 

3 by 1 inch corrugations 
6 by 2 inch corrugations 

Spiral Rib Metal Pipe 

9 by 2-1 /2 inch corrugations 

3/4 by 3/4 inch recesses at 12 inch 
spacing, good joints 

High Density Polyetheylene Pipe (HDPE) 

Source: USDOT, FHW A, 1985 
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MANNING'S 'n' 

0.013 
0.014- 0.016 
0.016-0.017 
0.015- 0.020 

0.014-0.018 
0.014-0.018 

0.024 - 0.027 
0.022- 0.025 
0.025 - 0.026 
0.027 - 0.028 
0.033 - 0.035 
0.033 - 0.037 

0.013 

0.013 
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TABLE 5-4: MANNING'S "n" FOR CORRUGATED METAL PIPE 

TYPE OF PIPE 

Annular 2.67 11 X 1/2" (All diameters) 

Helical 1.5 11 X 1/4 11
: 

8 inch dia. 
10 inch dia. 

Helical2.67 11 X 1/2": 
12 inGh dia. 
18 inch dia. 
24 inch dia. 

· 30 inch dia. 
36 inch dia. 
42 inch dia. 
48 inch dia. 
54 inch dia. or greater 

Annular 3" X 1 11 (all diameters) 

Helical3 11 X 111
: 

36 inch dia. 
42 inch dia. 
48 inch dia. 
54 inch dia. 
60 inch dia. 
66 inch dia. 
72 inch dia. 
78 inch dia. 

Corrugations 6 11 X 2 11
: 

60 inch dia. 
72 inch dia. 
120 inch dia. 
180 inch dia. 

Source: AISI, 1994 

UNPAVED 

0.024 

0.012 
0.014 

0.011 
0.014 
0.015 
0.017 
0.018 
0.019 
0.020 
0.021 

0.027 

0.022 
0.022 
0.023 
0.023 
0.024 
0.025 
0.026 
0.027 

0.033 
0.032 
0.030 
0.028 

Note: In general, it is recommended that the annular resistance factors be used for corrugated metal pipes 
with helical corrugations unless certain specific design criteria are met. These criteria include: the 
conduit flows full; the conduit is circular in shape; there is no erosion resistant sediment build-up in 
the conduit; the conduit is greater than 20 diameters long; and the conduit is unlined. In most cases, 
culverts will not meet all of this criteria. However, charts are provided in "Hydraulic Flow 
Resistance Factors for Corrugated Metal Conduits," J.M. Norman, FHWA-TS-80-2 16, 1980. 
(Source: HDS-5) 
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5.4 BRIDGES 

For the purposes of this manual, bridge is defined as: 

• 
• 

Structures that transport vehicular traffic over watercourses or other obstructions, 
Part of a stream crossing system that includes the approach roadway over the 
floodplain, relief openings, and the bridge structure, and 
Structures with a centerline span of twenty (20) feet or more. 

5.4.1 General Policies 

a. The final design selection shall consider the maximum backwater allowed by the 
NFIP/FEMA or local floodplain regulations unless exceeding the limit can be 
justified by special hydraulic conditions. Backwater shall not significantly increase 
flood damage to upstream property. 

b. The final design shall not significantly alter the flow distribution in the floodplain and 
whenever possible, bridge structures should be designed so that there is little or no 
disturbance to the flow. Velocities through the structure shall not damage either the 
roadway facility or increase damages to adjacent property . 

c. The "crest vertical curve profile" should be considered as the preferred roadway 
crossing profile when allowing for embankment overtopping at a lower discharge. 

d. Degradation or aggregation of the watercourse as well as contraction and local scour 
shall be estimated, and appropriate positioning of the foundation, below the total 
scour depth if practicable, shall be included as part of the fmal design. 

e. Bridges should be designed to minimize disruption of ecosystems and values unique 
to the floodplain and wash being crossed. ·. 

5.4.2 General Design Criteria 

5.4.2.1 Hydraulic Analysis 

Hydraulic analyses for both pre and post-bridge conditions shall be performed using step backwater 
computer models such as HEC-2 (U.S. Army Corps of Engineers, 1990), HEC-RAS (U.S . Army 
Corps ofEngineers, 1995), or WSPRO (USDOT, FHWA, HY-7, 1988). 

Recommended methodology for hydraulic analysis of bridge crossings can be found in Hydraulics of 
Bridge Waterways. (USDOT, FHWA, HDS-1, 1978) . 
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5.4.2.2 Hydraulic Design 

Risk Evaluation: The selection of hydraulic design criteria for determining the watercourse opening, 
road grade, scour potential, riprap and other features shall consider the potential impacts to: 

• interruptions to traffic, 
• adjacent property, 
• the environment, and 
• the infrastructure of the roadway. 

The consideration of the potential impacts constitutes an assessment of risk for the specific site. The 
least total expected cost (L TEC) alternative should be developed in accordance with FHW A, HEC-
17(3) where a need for this type of analysis is indicated by the risk assessment. ·This analysis 
provides a comparison between other alternatives developed in response to considerations such as 
environmental, regulatory, and political. 

Design Floods: The design flood(s) for evaluation of backwater, clearance, flow distribution, and 
overtopping shall be established predicated on risk based assessment of local site conditions. They 

. shall reflect consideration of traffic service, environmental impact, property damage, hazard to 
human life, and floodplain management requirements. 

Backwater and Increases Over Existing Conditions: Designs shall conform to all applicable federal , 
state, and local floodplain regulations. The bridge structure shall not cause any significant increase 
in the existing water surface elevation. · 

Scour: Design for bridge foundation scour shall be for the design flood which generates the 
maximum scour depth. The design should use a geotechnical design factor of safety of 2.5. The 
resulting design should then be checked using the 500-year design discharge and a factor of safety of 
at least 1.0. Procedures for determining scour at bridges can be found in USDOT, FHW A, HEC-18, 
Evaluating Scour at Bridges, Edition 2, 1993. 

Bridge piers, if necessary, must be oriented parallel to the direction of flow. Pier spacing and 
abutments should be designed to minimize flow disruption and potential scour. 

Clearance: Where possible, a minimum freeboard of two (2) feet shall be provided between the 
approach design discharge water surface elevation and the low chord of the bridge. Structural design 
and clearance of the bridge structure shall also take into account passage of debris and ice impacting 
the bridge. When this two (2) foot clearance cannot be maintained, clearance shall be established by 
the engineer based on the type of watercourse and the level of protection desired, as approved by the 
County Engineer. 

Flow Distribution: The conveyance of the proposed crossing location shall be calculated to 
determine the flow distribution and to establish the location of bridge openings. The proposed 
structure shall not cause any significant change in the existing flow distribution. Relief openings in 
the approach roadway embankment shall be investigated if there is more than a ten (1 0) percent 
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redistribution of flow . 

Deck Drainage: Improperly drained bridge decks can cai.tse problems such as corrosion, icing, and 
hydroplaning. Whenever possible, bridge decks should be watertight and all deck drainage should be 
carried to the ends of the bridge. Drains at the ends should have adequate capacity to carry all bridge 
drainage. Gutter flow from roadways must be intercepted before it reaches the bridge. Zero 
gradients and sump vertical curves should be avoided on bridges. 

Where it is necessary to intercept deck drainage at intermediate points along the bridge, the design of 
such interceptors shall conform to the procedures presented in Chapter 6 . 
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1001 

1002 

1002.1 

INTRODUCTION 

Section 1 000 
Culverts and Bridges 

Culverts and bridges are used to convey water through or beneath engineered 
structures. The size, alignment, and support structures of a bridge or culvert will 
directly affect the carrying capacity of the drainage system . Inadequate culvert 
or bridge capacity can force water out of the conveyance system and the flood 
water may take an alternate path and cause damage away from the channel. 

The primary distinction between a culvert and a bridge is the change in flow area 
from the upstream channel cross-section . A culvert is usually designed to allow 
the design upstream water surface elevation to be greater than the top of the 
culvert, while bridge design generally allowfreeboard between the water surface 
elevation and the low chord of the bridge. 

For the purposes of this MANUAL, any facility passing flow transverse to a 
roadway will be designed under bridge criteria if it is on an alignment shown on 
the CCRFCD's Master Plan . 

DESIGN STANDARDS FOR CULVERTS 

All culverts within the CCRFCD shall be designed and constructed using the 
following standards. The analysis and design shall consider design flow, culvert 
size and material , entrance structure layout, outlet structure layout, and erosion 
protection. 

Culvert Sizing Criteria 

For hydraulic analysis, sizing of culverts is important because of potential effects 
on water surface elevations in a channel. Larger culverts do not encroach into the 
channel cross-section as much as smaller culverts , and will cause a smaller rise 
in water surface elevations . The trade-off is that larger culverts are more 
expensive to construct than small culverts. 

1002.1.1 Design Frequency 

As indicated in Policy Section 304.5 , all culverts in the CCRFC D will be designed 
to pass the flow from the major storm including an overflow section where 
permitted . 
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Section 1000- Culverts and Bridges 

• 1002.1.2 Allowable Cross Street Flow 

• 

• 

Cross street flow of the design storm flow will not be allowed except on streets 
with ROW less than 80 feet. In addition, the overflow will only be allowed on these 
roadways if the product of the velocity and depth of the overflow is less than six. 
If the product is greater than six, the culvert size must be increased . 

The maximum allowable depth at the road crown of any overflow section is 
2.0 feet. Additionally, all overflow sections must be posted and depth indication 
markers placed at the location of greatest depth. 

1002.1.3 Minimum Size 

1002.2 

1002.3 

The minimum culvert size shall be 18-inch diameter for round pipe or shall have 
a minimum flow area of 2.2 square feet for other pipe shapes. 

Construction Materials 

The material and shape of culverts shall be in accordance with the STANDARD 
SPECIFICATIONS. 

Soil tests are required for all placements of corrugated steel pipe . tftests indicate 
corrosive soil conditions, coatings may be required . 

The required thickness of corrugated steel pipe depends on many factors 
including depth of cover, weight of backfill, diameter of culvert, design load, and 
corrugated dimensions. Designers are directed to Handbook of Steel Drainage 
and Highway Construction Products by The American Iron and Steel Institute for 
design standards (AISI, 1983). 

Other pipe materials may be used for culvert construction upon approval by the 
local entity and/or the CCRFCD. Documentation must be submitted for review 
which shows that the subject pipe material has a design life similar to the above 
materials and that the interior lining , if any, will maintain the design Manning's "n" 
value for the life of the pipe material. 

Velocity limitations and Outlet Protection 

In the proper design of culverts , the velocity of the flow through the culvert is very 
important. If the velocity is too low, suspended sediment in the flow may settle. 
This decreases the effective area of the culvert and increases the frequency of 
required maintenance. If the velocity of the flow exiting the culvert is too high, 
erosion may take place, possibly jeopardizing the integrity of the roadway. 

The criteria for outlet erosion protection for discharges to channels with unlined 
bottoms are as follows: 
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1002.4 

1002.5 

1002.6 

Outlet Velocity 
(fps) 

Less than 5 

Between 5 and 15 

Greater than 15 

Headwater Criteria 

Section 1000 - Culverts and Bridges 

Required Outlet Protection 

Minimum riprap protection (Section 707.4) 

Rip rap protection (Section 707 .4) or 
Energy dissipater (Section 11 02.2) 

Energy dissipater (Section 11 02.2) 

The maximum headwater for the design storm flow for culverts greater than 36-
inch diameter or a culvert rise of 36-inch shall be 1.5 times the culvert height. The 
maximum headwater for culverts with a height of 36-inch or less shall be 5 feet if 
adjacent properties are not adversely affected. If the design flow exceeds 500 
cfs in an urban area, the maximum headwater shall not exceed the height of the 
culvert for an ultimate condition . 

Alignment 

The alignment of the culvert with respect to the natural channel is very important 
for proper hydraulic performance. Culverts may pass beneath the roadway 
normal to the centerline or they may pass at an angle (skewed) . Whenever 
possible, culverts should be aligned with the natural channel. This reduces inlet 
and outlet transition problems. 

Where the natural channel alignment would result in an exceptionally long culvert, 
modification to the natural alignment may be necessary. Since such 
modifications will change the natural stability of the channel , such modifications 
should be thoroughly investigated. Although the economic factors are important, 
the hydraulic effectiveness of the culvert must be given major consideration . 
Improper culvert alignment may cause erosion to adjacent properties or siltation 
of the culvert. Culvert alignment considerations are shown in Figure 1003. 

Roadway alignment also impacts culvert design. The vertical alignment of 
roadways will fix the maximum culvert diameter that can be used . This may force 
the use of elliptical or arched culverts or the use of a multiple barrel culvert 
system. 

Temporary Crossing 

Temporary crossings are defined as dip road sections with a culvert sized to 
pass nuisance flow, or a culvert system that does not meet criteria presented in 
Section 1000 . 
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1002.7 

1003 

1003.1 

Section 1000- Culverts and Bridges 

Temporary crossings will be reviewed on a case by case basis. Major 
consideration will be given to the following items: 

1. Drainage area contributing to crossing 

2. Level of roadway traffic 

3. Vertical and horizontal roadway alignment (sight distance) 

4 . Alternate access routes 

5. Time frame for temporary crossing 

6. Current and projected development density 

7. 1 0-year and 1 00-year storm flows 

Multiple Barrel Culverts 

If the available fil l height limits the size of culvert necessary to convey the flood 
flow, multiple culverts can be placed. If a multiple culvert consisting of the same 
type and size of barrel is placed so that all the elements are equal, the total flow 
is assumed to be equally divided to each of the barrels. 

CULVERT HYDRAULICS 

This section presents the general procedures for hydraulic design and evaluation 
of culverts. The user is assumed to possess a basic working knowledge of culvert 
hydraulics and is encouraged to review the textbooks and other technical 
literature on the subject. 

The two categories of flow in culverts are inlet control and outlet control. Under 
inlet control, the flow through the culvert is controlled by the headwater on the 
culvert and the inlet geometry. Under outlet control , the flow through the culvert is 
controlled additionally by culvert slope, roughness, and tailwater elevation . 

Inlet Control Condition 

Inlet control for culverts may occur in two ways (see Figure 1 001 ): 

1. Unsubmerged- The headwater is not sufficient to submerge the top of the 
culvert and the culvert invert slope is super-critical. The culvert acts like a 
weir (Cond ition A, Figure 1001 ). 
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1003.1 

1003.2 

Section 1000 ·Culverts and Bridges 

Inlet Control Condition 

Inlet control for culverts may occur in two ways (see Figure 1 001): 

1. Unsubmerqed - The headwater is not sufficient to submerge the top of 
the culvert and the culvert invert slope is super-critical. The culvert acts 
like a weir (Cond ition A, Figure 1001). 

2. Submerged - The headwater submerges the top of the culvert but the 
pipe does not flow full. The culvert inlet acts like an orifice (Condition B, 
Figure 1001). 

The inlet control rating for several culvert materials, shapes and inlet 
configurations are presented in Figures 1004 to 1007. Additional 
nomographs are available in HDS No. 5. These nomographs were developed 
empirically by the pipe manufacturers, Bureau of Publ ic Roads , and the 
Federal Highway Administration (USDOT, 1985). The nomographs shall be 
used in the CCRFCD area , rather than the orifice equation , due to the 
uncertainty in estimating the orifice coefficient. 

Outlet Control Condition 

Outlet control will govern if the headwater and/or tailwater is deep enough, the 
culvert slope relatively flat, and the culvert is relatively long. There are three 
types of outlet control culvert flow conditions: 

1. The headwater submerges the culvert top, and the culvert outlet is 
submerged by the tailwater. The culvert will flow full (Condition A, 
Figure 1001 ). 

2. The headwater submerges the top of the culvert and the culvert is 
unsubmerged by the tailwater (Condition B or C, Figure 1001 ). 

3. The headwater is insufficient to submerge the top of the culvert. The 
culvert slope is sub-critical and the tailwater depth is lower than the pipe 
critical depth (Condition D, Figure 1001 ). 

The factors affecting the capacity of a culvert in outlet control include the 
headwater elevation , the inlet geometry and associated losses, the culvert 
material friction losses, and the tailwater condition. 

The capacity of the culvert is calculated using the conservation of energy 
principal (Bernoulli's Equation). An energy balance exists between the total 
energy of the flow at the culvert inlet and at the culvert outlet, which includes 
the inlet losses, the friction losses, and the velocity head (see Figure 1 002) . 
The equation is then expressed as: 
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• . H = he + hr + hv (1001) 

• 

• 

where Total Energy Head (ft) H = 
he 
hr 
hv 

= 
= 
= 

Entrance Head Losses (ft) 
Friction Losses (ft) 
Velocity Head (ft) = V2 I 2g 

For inlet losses, the governing equation is: 

(1 002) 

(1003) 

where ke is the entrance loss coefficient. Typical entrance loss coefficients 
recommended for use are given in Table 1001 (D). 

Friction loss is the energy required to overcome the roughness of the culvert and 
is expressed as follows: 

hr = (29n2 L I R1·33) (V2 I 2g) (1 004) 

where n = Manning's Coefficient (see Table 1001 ) 
L = Length of Culvert (ft) 
R = Hydraulic Radius (ft) 
v = Velocity of Flow (fps) 

Combining the Equations 1001, 1002, 1003, and 1004 and simplifying the 
terms results in the following equation : 

H = [Ke + (29n2 L I R1
·33) + 1] V 2 I 2g 

Equation 1005 can be used to calculate the culvert capacity directly when the 
culvert is flowing under outlet Conditions A or B as shown on Figure 1001 . The 
actual headwater (Hw) is calculated by adding H to the tailwater elevation (see 
Figure 1 002). For Conditions CorD, the HGL at the outlet is approximated by 
averaging the critical depth and the culvert diameter, which is used if the value is 
greater than the tailwater depth (Tw) to compute headwater depth (Hw) this is an 
approximate method and is more fully described in Hydraulic Design Series No . 
.Q., Bureau of Public Roads . 

A series of outlet control nomographs for various culvert materials and shapes 
have been developed by the pipe manufacturers, Bureau of Public Roads , and 
the Federal Highway Administration . The nomographs are presented in Figures 
1008 to 1011. Additional nomographs are available in HDS No.5. When rating 
a culvert, either the outlet control nomographs or Equation 1005 can be used to 
calculate the headwater requirements . 
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1003.3 

1003.4 

1003.5 

1004 

Section 1000- Culverts and Bridges 

When using the outlet nomographs for corrugated steel pipe, the data must be 
adjusted to account for the variation in the "n" value between the nomographs and 
the culvert being evaluated. The adjustment is made by calculating an equivalent 
length according to the following equation: 

L1 
L1 

L 
n 
n1 

= 
= 
= 
= 
= 

L(n1/n)2 

Equivalent Length 
Actual Length 
Value of Manning's "n" Value Shown on Figures 1008 to 1011 
Actual "n" Value of Culvert 

The actual n-value of the culvert can be obtained from Table 1001. 

Hydraulic Data 

The hydraulic data provided in Table 1001 shall be used in the hydraulic design 
of all culverts within the District. The design capacity of culverts shall be 
calculated using the computation sheet provided as Standard Form 7 . 

Inlet and Outlet Configuration 

Culverts are to be designed with protection at the inlet and outlet areas. The 
culvert inlet shall typically include a headwall with wingwalls or a flared end
section. 

The outlet area shall also typically include a headwall with wingwalls or a flared 
end-section in addition to the riprap protection as defined in Section 707.4. 
Where outlet velocities exceed the limitation set forth in Section 1002.3, the 
energy dissipater shall be required . 

Structural Design 

All culverts shall be designed as a minimum to withstand an H-20 loading in 
accordance with the design procedures of AASHTO "Standard Specifications 
for Highway Bridges" and with the pipe manufacturer's recommendations. At 
least 12 inches of cover is recommended . 

DESIGN STANDARDS FOR BRIDGES 

All bridges shall be in accordance with "Standard Specifications for Highway 
Bridges" by AASHTO and "Standard Plans for Road and Bridge Construction" 
by the State of Nevada Department of Transportation . Hydraulic design and 
analysis shall be in accordance with the following criteria . 
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1004.1 

1004.2 

1005 

1005.1 

1005.2 

1006 

Section 1000- Culverts and Bridges 

Bridge Sizing Criteria 

All bridges within the CCRFCD shall be designed to pass the 1 00-year design 
flow. Additionally, the design water surface elevation within the bridge shall be 
a minimum of 2 feet below the bridge low chord. Additional freeboard may be 
required for special hydraulic conditions . ln special flood hazard areas, the bridge 
shall not back up the 1 00-year storm flow greater than 1 foot above the natural 
water surface elevation without mitigation measures. The designer must also 
ensure that no adjacent properties are adversely affected. 

Velocity Limitations 

The velocity limitations through the bridge opening are controlled by the potential 
abutment scour and subsequent erosion protection provided. Using the regular 
riprap (defined in the STANDARD SPECIFICATIONS) for the channel lining 
and/or protection of the abutments and wingwalls (see Section 707.4), the 
maximum channel velocity is between 15 to 20 fps depending on channel slope. 
For consistency with culvert design and as a practical limit on the flow energy, a 
maximum velocity of 15 fps shall be allowed through a bridge, unless the bridge 
is designed and constructed in conjunction with the channels. 

BRIDGE HYDRAULICS 

Hydraulic Analysis 

The procedures for analysis and design as outlined in the publication "Hydraulics 
of Bridge Waterways" (USDOT, 1978) shall be used for the hydraulic design of 
all bridges in the CCRFCD . This analysis shall be supplemented by an 
appropriate backwater analysis (see Section 702) to verify the resulting hydraulic 
performance. 

Inlet and Outlet Configuration 

The design of all bridges shall include adequate wingwalls of sufficient length to 
prevent abutment erosion and to provide slope stabil ization from the 
embankment to the channel. Erosion protection on the inlet and outlet transition 
slopes shall be provided to protect the channel from the erosive forces of eddy 
currents. 

EXAMPLE APPLICATION 

The procedure to evaluate existing and proposed culverts within the CCRFCD 
is based on the procedures presented above. The methodology consists of 
evaluating the culvert headwater requirements assuming both inlet control 
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1006.1 

Section 1000- Culverts and Bridges 

(Figures 1004 to 1007) and outlet control (Figures 1008 to 1011 ). The rating 
which results in the larger headwater requirements is the governing flow 
condition . 

Example: Culvert Sizing 

Problem: A sample calculation for rating an existing culvert is presented in 
Table 1002. The required data are as fo llows: 

Culvert size, length, and type (48 in CMP, L = 150ft) 

Inlet and outlet elevation, and slope (5540.0, 5535.5 , S0 = 0.030) 

Inlet treatment (flared end-section) 

Low point elevation of embankment (EL = 5551.9) 
Tailwater rating curve (see Table 1102, Column 6) 

Solution : From the above data, the entrance loss coefficient, Ke, and the "n" 
value are determined. The full flow Q and the velocity are calculated 
for comparison. The rating then proceeds in the following sequence: 

Step 1: 

Step 2 : 

Step 3: 

Step 4: 

Headwater values are selected and entered in Column 4. The 
headwater to pipe diameter ratio (HW/D) is calculated and entered 
in Column 3. If the culvert is other than circular, the height of the 
culvert is used. 

For the HW/0 ratios, the culvert capacity is read from the rating 
curves (Section 1003.1) and entered into Column 1. This completes 
the inlet cond ition rating . 

For outlet condition, the Q values in Column 1 are used to determine 
the head values (H) in Column 5 from the appropriate outlet rating 
curves (Section 1 003.2) . 

The tailwater depths (T w) are entered into Column 6 for the 
corresponding Qvalues in Column 1 according to the tailwater rating 
cure (i .e., downstream channel rating computations) . If the tailwater 
depth (Tw) is less than the diameter of the culvert (D) , Columns 7 and 
8 are to be calculated (go to Step 5) . If Tw is more than D, the 
tailwater values in Column 6 are entered into Column 9 for the ho 
values , and proceed to Step 6 . 
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Step 5: 

Step 6: 

Step 7: 

Step 8: 

Section 1000 - Culverts and Bridges 

The critical depth (de) for the corresponding Q values in Column 1 
are entered in Column 7. The average of the critical depth and the 
culvert diameter is calculated and entered in Column 8 as the ho 
values. 

The headwater values (Hw) are calculated according to the equation : 

Hw = H + ho - LSo 

where H is from Column 5, and his from Column 9 (forT> D) or the 
larger value between Column 6 and Column 8 (for Tw < D). The 
values are entered into Column 10. 

The final step is to compare the headwater requirements (columns 
10 and 4) and to record the type of control in Column 11 , depending 
upon which case gives the higher headwater requirements. The 
headwater elevation is calculated by adding the controlling Hw to the 
upstream invert elevation . A culvert rating curve can then be plotted 
from the values in Columns 12 and 1. 

Compute the outlet velocity of the culvert for flow rate in Column 1 
and record in Column 13. This velocity is used for sizing of outlet 
protection. Please note that for submerged outlets , the computed 
velocity and corresponding flow rate may not be the controlling 
velocity and flow rate for outlet protection design. A range of flow 
rates and corresponding outlet velocities should be checked to 
determine the controlling design condition . 

To size a culvert crossing , the same form can be used with some variations in the 
basic procedures . First, a design capacity is selected and the maximum 
allowable headwater is determined. An inlet type (i.e. , headwall) is selected , 
and the invert elevations and culvert slope are estimated based upon site 
constraints. A culvert type is then selected and first rated for inlet control and 
then for outlet control. If the controlling headwater exceeds the maximum 
allowable headwater, a different culvert configuration is selected and the 
procedure repeated until the desired results are achieved . 

The criteria are considered a minimum design standard and must be modified 
where other factors are considered more important. For instance, if the 
procedure still results in certain structures remaining in the 1 00-year floodplain, 
the culvert may be increased to lower the water surface elevation. Also, if only 
a small increase in culvert size is required to prevent overtopping, then the larger 
culvert is recommended . 
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HYDROLOGIC CRIT ERIA AND DRAINAGE DESIGN MANUAl 

HYDRAULIC DATA FOR CULVERTS 

(A) Manning's ~-values for Corrugated Steel Pipe 

Annular He lica l 

Corrugations 2WxW 
~~·X It,'"·" zwxw 

All Oiam. 8'" 10' JZ' 18'" 24' 36' 48'" 
------------

Unpaved .024 .012 .014 .Oll .014 .016 .019 .020 
ZS% Paved .021 .015 .017 .020 
Fully Paved . . 012 .012 .012 .012 

Annular Helical-3' x 1' 
Co rruga lions 3' X J' 

All Oiam. 36' 48'" 54' 6lJ' 66' 72' 
------------

Unpaved .027 .021 .023 .023 .024 .025 .026 
25% Paved .023 .019 .020 .020 .021 .022 .022 
Fully Paved .012 .012 .012 .012 .012 .012 .012 

(B) Manning's _n-values for Structural Plate Metal· Pipe 

Corrugations Diameters 
6' x r Sit 7ft 10 It 15 tt 

Pla in-unpaved .033 .032 .030 .028 
ZS% Paved .028 .027 .026 .024 

(C) Manning's n -values for Concrete Pipe / Culvert 

TYPE 

Pre-Cast 
Cast-in-Place 

With Steel Forms 
\~ith l,.!ood Fo"rms 

n-VALUE 

0.012 

0 . 013 
0 . 015 

WRC REFERENCE: Handbook of Steel Drainage and 
ENG.INEERING ~ighway Constructio~ Products, AISI, 1971 

1w1th modifica tions ! 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

HYDRAULIC DATA FOR CULVERTS 
(D) CULVERT ENTRANCE LOSSES 

Pipe 

Headwall 
Grooved edge 

Type of Entrance 

Rounded edge (0.150 radius) 
Rounded edge (0 . 250 radius 
Square edge (cut concrete and CHP) 

Headwall & 45° Wingwall 
Grooved edge 
Squ3re edge 

Headwall with Parallel Wingwalls Spaced 1.250 apart 
Grooved edge 
Square edge 
Beveled edge 

Projecting Entrance 
Grooved edge (RCP) 
Square edge (RCP) 
Sharp edge, thin wall (CHP) 

Sloping Entrance 
Mitered to conform to slope 
Flared-end Section 

Box, Reinforced Concrete 

Headwall Parallel to Embankment (no wingwal l s) 
Square edge on 3 edges 
Rounded on 3 edges to radius of l/12 barrel dimension 

Wingwalls at 30° to 75° to barrel 
Square edged at crown 
Crown edge rounded to radius of 1/12 barrel dimension 

Wingwalls at 10° to 30° to barrel 
Square edged at crown 

Wingwalls parallel (extension of sides) 
Square edged at crown 

Entrance Coefficient, Ke 

0.20 
0. I 5 
0. I 0 
0.40 

0.20 
0.35 

0.30 
0.40 
0.25 

0.25 
0 .so 
0.90 

o. 70 
0.50 

0.50 
0.20 

0.40 
0.20 

0.50 

0. 70 

NOTE: The entrance loss coefficients are used to evaluate the culvert or sewer 
capacity operating under outlet control . 

WRC 
ENGINEERING 

REFERENCE: 
USDCM, DRCOG, 1969 

TABLE 1001 
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PROJECT:~E=X~AM~P~L=E ____________ _ LOCAT ION : CLARK COUNTY STATION: 1 + 00 

LOW POINT -~~~ROWN LOW POINT 
ELEV. -----...../_ ............... "-ELEV.555 1. 9 

CULVERT DATA 
48 11 CMP 024 TYPE 1 _.:.::::.___~----- n • . 

t i r ~ 
LC- li 

INLET• ____:F-=.·..::.E..:.::. S::_:. _____ Q FULL : -:-::1~3,=,...5 --
K, I 0.5 VFULL' 10.7 

OUTLET CONTROL EQUATIONS 

(I) Hw=H+h 0 -LSo 

t -. I 1 dc+D 
(2) For Tw < 0; h 0 = -- or Tw (whichever is 

S0 • 030 L 
ELEV. L 150 I ELEV. 5535.5 

2 greater) 
T.,. ~ 0; ho = T.,. 

Q 
STORM 
EVENT 

INLET CONTROL 

Hw H w 
0 

H 

2/3 
(3) For Bo x Culvert• dec 0.315(Q/8) ~ 0 

OUTLET CONTROL 
Tw < 0 Tw > 0 

rn:x: 
r f'll n 
rr1p0 

TYPE p; o z 
OF ::::! ~ ;:j 

de dc•D =h ho Hw CONTROL 0 ~ 0 
2 z~r 

~0 rc 
0-1 nr 
-rn 
=:!-t 

1 2 3 4 5 6 7 8 9 10 11 12 13 
J-__!__:.7 0~-f-----1--=1!:...!·~0+_4::!..._-J-__!1'-'-. 2.._9 -+...-!...:1.:..:1.5-J-~ 2. 5"--t--"3c.....>l-3!-----li~O..:.... 7:--1 I n 1 e t 55 4 4 . 0 1 0 . 8 

115 1. 5 6 5.5 2.0 3.0 3.5 4.5 Inlet 5546 .0 12.0 
145 2.0 8 8.9 2.5 3.4 3.7 8 . 1 Outlet 5548 .0 11.5 

(1)~~17~0~-----+~2~.5L4~1~0~~1~2~.5~~3~.o~~3u.7 __ 1~3~.~9 1 ____ -+~1. 1~.~9~I O~lu~t: l~le~t5=5=51~.~9+-~13~.~5~ 
(2)~~1L95~+----4-~3~·~0~~1~2 ~~1~6~·~0~_3~·~5-l~4~.0~+--=4~.~0-r---r1~5..:....5~-rO~u~t..:...l e~t~~5=55~5~.~5+-~15~.~5~ 

NOTES: (1) Culvert capacity without road overtopping. 
(2) Excessive road overtopping depth (3.6 1 

). 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

OUTLET CONTROL CULVERT HYDRAULICS 

WAC 

ENGINEERING 

REFERENCE : 

USOOT , FHWA, HDS No . 5, 1985 

R# ..-lsl on Oo/1 

FIGURE 1002 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

CULVERT ALIGNMENT 

( I 
· NATURAL CHANNEL . 

( r.ANNEL CHANGE 

• ~~RAL CHANNEL · •• ~\ I ~~~~~~:TL~ATION 
\J~l ···~ 

·\ ~ II .. II 
-----\~"\ ~~ kiGHWAY ct_--- .:... -1~1----

ALTERNATE _..,.....\' ~ , ALTERNATE--~ 'j'l 
CULVERT r. CULVERT /1'-.L 
LOCATION • • 

• • LOCATION ?----........ 

~-I RELOCATED 

CHANNEL 
CHANGE 

CHANNEl ~ ( 

WRC 

ENGINEERING 

RECOMMENOECJ NOT RECOMMENDED 

REFERENCE: Nevada Department of Transportation 
Design Manual, Road Design Division, 1975 ' FIGURE 1003 



HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

• NOMOGRAPH - INLET CONTROL BOX CULVERT 
..- 12 . 

EXAMPLE 
-GOO ( I ) (l) (3) f- II 

D•tftfl 
1- ~00 -8 · - 9 - 10 

1- 10 Q/8 •I~ cto/11. - 7 
.. 8 -

1- -400 
- 7 - 8 

HW ,.,. f-6 
1-9 0 .... -~00 f-6 f-7 

~-- ~ - 6 
(I) I.H ,_, 

- 5 
f-11 (t) l.t<) 3 . 1 - 4 - 5 

i---lWO f-4 ()! L04 4 . 1 
~ -

· 4 

f-7 f- ,_, 
- 3 

- ~ 
1- -1 00 0 -6 0 I-
I.L 

f- 80 
0 f-2 '-a: 1- 3: 1-2 w ;s. -- ·-- - 2 0.. f- GO 

• 

- -~ C1) /I-
I.L I- ~0 / :X: - .. ~ <..> / 0 - '--- .. ~ 1- z f- 40 / w 

w - :X: ~ .. ~ 
w - ~/ ..._ m ..._ 

'- ~ ~0 -t7 0 z: f-4 2 ... - ~1- U1 

0 :I: / :::E 
1- a: 

X 0 f- 20 / w f.::- 1.0 0 ~ 
1-

CD / z: 
I.L O ,f- -

f- . 9 1- 1.0 - lO 
0 1-

:X: 
1- f-~ / w ....... ~ 1-
:I: / 0 . ,.,...-tt c... 

- . 9 
0 a: f- 10 rlcu ____..... w f.- . 8 

!-- .9 
- / q; 0 w :X: f-
r 

/ <..> f- e c:: 
(/) 

w 
- . 8 1- .0 

/ - f- 1- - _7 0 q; 

/ 
...._ - 6 3: 
0 0 

/ - 5 
HW SCALE WINGWA LL 

q; 
i- _7 1- _7 

0 w 

~ 
- D FLARE r '- .6 
1- - 4 
< 
a: (I) 3~,. 7~· 

f-3 (21 ~o- .. 4 ,,. I- .6 f- .6 

(3) o· (••'•lllll•i .. , I--~ 

f- 2 
of t l 401 ) 

'--- - ~ 1- .5 
f- le .... .celt ( t ) -.c (l) ,.,•ltcf 

,..., ;, .. l• l+f 1• tc• '• (1), til•• 
... , ,,.;_, .. , '-cfi ... 4 u .... , ... , .._.. I- -• 

f-1 
0 .-.4 b I-C ...... ~ ,.. .. ., ...... 

f-
lll wtheUtL 

- .e 
f- -· 

- 4 

f.-

I- . 6 

'--- - ~ '-- -~0 
.3~ .3~ 

'-I 
RI Yislon Oot1 

• ' 

WRC REFERENCE: FIGURE 1004 

ENGINEERING 
USDOT, FH WA , HDS No. 5, 1985 



HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

• NOMOGRAPH - INLET CONTROL RCP 

.-180 r- 10,000 
( I ) (2) (3) 1- EXAMPLE 1- 166 1- 6,000 

~ 6 . 
f-

o-~r ''"'"" '' -~ 1 .. ,, .- 6 . f- 15 6 - 6,000 
O•ti:Och ..... !>. 
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,6 . - ~ -

1- ~.ooo .ti:!" KW 
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1- 600 

// 
r---- ---
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f- 600 / 
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1- 500 / 0 r- t . 
72 f-400 / ~ 
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C/) , .... v UJ ~ 1- 1.0 
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1- ):)0 ~ r \. ... 
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0 / 1-- / w z , ::l: 0 - / <( - . 54 - / 

;} 1-
Q. 

tr _,.,/w .. 100 
w I 4:, 0 -
> / a: - 60 
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Ill f- 50 ENTRANCE 0 

r . II.. - HW SCALE 1- 1.0 0 0 TYPE 0:: 1- .co 0 w tr 
I- 1- .9 w f- :56 , ••• , ....... ~Ill <I 
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WR C REFERE N CE: 
FIGURE 1005 

ENGIN EERING USDOT, FHWA, HOS, No. 5, 1985 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

NOMOGRAPH - INLET CONTROL ELLIPTICAL PIPE 

loJ 
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113 X 1t 
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WRC 

ENGINEERING 
USDOT , FHWA , HDS No. 5 , 1985 

(.3) 

r -4 .0 

r- 3 .0 

r- 2 .0 

;--- 1.5 

t-1.0 

t- .Iii 

!-- .8 

r- .7 

r .5 

FIGURE 1006 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

NOMOGRAPH - INLET CONTROL CMP 

r- IBQ r 10,000 
( I ) 1-
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REFERENCE: WRC 

ENGINEERING USDOT, FHWA, HDS No . 5, 1985 FIGURE 1007 
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HYDROLOGIC CRITERIA AND DRAINAGE DESIGN MANUAL 

NOMOGRAPH - OUTLET CONTROL BOX CULVERT 
(n =O.O 12) 
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USDOT, FHWA , HDS No. 5, 1985 
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NOMOGRAPH - OUTLET CONTROL RCP 
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NOMOGRAPH - OUTLET CONTROL ELLIPTICAL PIPE 
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• IX. STABILIZATION/STRUCTURES 

TABLE 9.1: WEIGHTED-CREEP RATIOS 

Material c"' 
Very fine sand and silt 8.5 

Fine sand 7.0 

Medium sand 6.0 

Coarse sand 5.0 

Fine gravel 4.0 

Medium gravel 3.5 

Coarse gravel, including cobbles 3.0 

Boulders, with some cobbles and gravel 2.5 

Soft clay 3.0 

Medium clay 2.0 

Hard clay 1.8 

Very hard clay or hardpan 1.6 

Cutoff walls, aprons, and drains are generally installed to control the amount of 
seepage under the structure, and to limit the intensity of the uplift so that the 
stability of the structure will not be threatened. 

9.5 Bridges 

In general, bridges should be designed to have as little effect as possible upon 
the flow passing beneath them. If possible, bridges over constructed channels should 
be designed so that there is no disturbance to the flow whatsoever. Impacts upon 
natural floodplains created by bridges usually take the form of increased water-surface 
elevations upstream of bridges, increased flow velocities through and downstream of 
bridges, increased scour at and in the vicinity of bridges, and increased deposition 
upstream of bridges. 
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• IX. STABILIZATION/STRUCTURES 

9.5.1 Hydraulic Analysis 

The hydraulic analysis of bridge encroachments in the floodplain is best performed 
using a computerized step-backwater model. Cross sections for the model must be 
taken 1) at a sufficient distance downstream of the bridge so that the bridge has no 
effect upon flow characteristics; 2) at the downstream face of the bridge; 3) at the 
upstream face of the bridge; and 4) a sufficient distance upstream of the bridge 
opening so that the bridge has no effect upon flow characteristics. Normal coefficients 
of expansion and contraction are not applicable, and must be increased in order to 
account for the constriction of the bridge opening. Publications of the Federal 
Highway Administration (1978a, 1978b) and the U .S. Army Corps of Engineers (1982) 
give detailed descriptions of the hydraulics of bridge openings. 

9.5.2 Scour 

Increased flow velocities through bridge openings and the presence of obstructions 
in the flow path make scour a prime concern in bridge design. The effects of scour 
can be counteracted by providing deep toe-downs on bridge piers and abutments, and 
by constructing spur dikes or jetties (Federal Highway Administration, 1978a). 

9.5.3 Freeboard 

Freeboard at a bridge is the vertical distance between the design water-surface 
elevation and the low-chord of the bridge. The bridge low-chord is the lowest portion 
of the bridge deck structure. The purpose of freeboard is to provide room for the 
passage of floating debris, to provide extra area for conveyance in the event that 
debris build-up on the piers reduces hydraulic capacity of the bridge, and to provide a 
factor of safety against the occurrence of waves or floods larger than the design flood. 
The minimum freeboard, in feet, at bridges across regiol),al watercourses located within 
the City of Tucson shall be no less than the value 0.88(V' j2g), plus four feet. where V 
represents the average velocity of flow approaching the bridge structure. Along other 
watercourses, the minimum bridge freeboard, in feet, shall be no less than the value 
0.88(V j2g), plus one foot. 

9.6 Structure Aesthetics 

The appearance of a drainage structure is very important relative to the 
acceptability of the structure by the public, and especially to the neighborhood in 
which the structure is to be built. The design engineer should therefore consider 
aesthetics whenever designing drainage structures. Methods of making drainage 
structures more aesthetically pleasing could include landscaping with vegetation 
alongside the drainageway, providing linear parks or pedestrian walkways, using soil 
cement instead of concrete, constructing compound channels, installing rail fences, and 
using stained concrete. Both the City of Tucson Watercourse Improvement Policy, 
adopted by the Tucson City Council on June 27, 1988, and the Appendix to this Manual 
should be referred to for more detail regarding alternate methods of constructing 
drainage structures. 
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XI. CULVERTS 

1972, 1974, and 1985). One of most comprehensive manuals to address culvert design 
was published in I 985 by the Federal Highway Administration, and is entitled "Hydraulic 
Design of Highway Culverts" (sometimes referred to as "HDS-5"). 

In order to expedite review and approval of the hydraulic design of culverts by 
City staff, the Culvert Design Form on Figure 11.1 should be used. Earlier versions of 
the Culvert Design Form were published by the Arizona Department of Transportation 
(1973) and the Federal Highway Administration (1965). 

1 1.3.1 Step-by-Step Procedure for Sizing Culverts 

Both the Culvert Design Form and the accompanying text which describes the 
design procedure come largely from the manual entitled "Hydraulic Design of Highway 
Culverts, HDS-5'', prepared by the Federal Highway Administration (1985). 

STEP 1: Summarize the design discharge, tailwater height, drainage-basin area, stream 
slope, and the general shape of the cross section in the spaces provided 
under the heading "Hydrological Data" found on Figure 11.1. 

STEP 2: Select a preliminary culvert shape, size, material, and entrance type, and 
enter this information in the space provided under the heading "Culvert 
Description," found on Figure J 1.1. Next, enter the total design flow and 
the flow per culvert barrel in Row J. In addition to floodwater conveyance, 
the selection of a preliminary culvert design should be based on many other 
factors, including right-of-way and construction costs, available embankment 
height, and pipe cover. 

STEP 3: Evaluate inlet control. 

a. 

b. 

c. 

d. 

Referring to either the reinforced concrete pipe (RCP) or the 
reinforced concrete box culvert (RCBC) nomographs on Figures 11.2 and 
11.3, locate the selected culvert size and flow rate on the appropriate 
scales. Nomographs for less common culvert shapes and materials can 
be found in the HDS-5, HEC- 5, HEC-10, or HEC-13 publications 
prepared by the Federal Highway Administration. 

Using a straight edge, extend a line from the culvert size through the 
design flow rate to the first headwater/culvert-height (HW 1 D) scale. 
Enter HW I D, found by projecting a line on the appropriate nomograph, 
in Row 2 of the Culvert Design Form. 

If wingwalls or a beveled culvert entrance are proposed, thereby 
requiring another HW ID scale, extend a horizontal line from the first 
HW I D scale to the desired scale. Note that 45 degrees is often used as 
the standard wingwall flare for pipe and box culverts, without a skewed 
alignment. 

Multiply HW I D by the culvert height, D, to obtain the required 
headwater, HW. If the approach velocity is negligible, or if it is 
intentionally disregarded by the engineer, the headwater at the inlet, 
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XI. CULVERTS 

HWi, is equal to the headwater, HW, computed from the HW / D ratio. 
However, if the approach velocity is to be considered, subtract the 
approach velocity head , V~ I 2g , from HW to get HWi, where g is the 
gravitational constant (32.2 ft/sec

2
) and Vi is the average flow velocity 

measured at an appropriate point upstream of the culvert inlet. 

e. Evaluate whether or not the inlet should be depressed below the 
streambed m order to obtain additional hydraulic head needed to 
operate the proposed culvert. When making such an evaluation, the 
impacts of sedimentation should be kept clearly in mind (see Chapter VI 
of this Manual). Referring to the culvert schematic on Figure 11.1 , the 
fall, or height, of depression is evaluated as follows: 

FALL= HWi- HWd (11.1) 

Where, symbolically, 

(11.2) 
and, 

HWd = Design headwater depth, in feet; 
ELhd Design headwater elevation, in feet; 
ELar = Streambed elevation at the culvert face , in feet; and, 
HWi Required headwater depth, in feet. 

If FALL is negative, or zero, set FALL equal to zero, and proceed to 
Step 3f. When FALL is positive, the invert, under inlet control, must 
be depressed below the streambed at the face by that amount. If the 
FALL is acceptable, proceed to Step 3f and enter FALL in Row 3. If 
FALL is posJtJve, but unacceptably large, select another culvert 
configuration and begin again at Step 3a. 

f. Compute, and enter in Row 4, the invert elevation, ELi, of the inlet
control section as follows: 

(11.3) 

STEP 4: Evaluate Outlet Control. 

a. Determine the tailwater depth above the outlet invert, TW, by either 
normal depth or backwater calculations (as appropriate) for the outlet 
channel, and enter this value in Row 5. 

b. Determine the critical depth of flow, de, in the culvert by entering 
either the circular culvert chart on Figure 11.4, or the rectangular 
culvert chart on Figure I I .5. For culvert shapes other than circular or 
rectangular, refer to HDS- 5. 
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XI. CULVERTS 

c. For tailwater elevations, TW, less than the top of the culvert, calculate 
(d<: + D I 2), where D is the height of either the box or pipe culvert. 

d. Determine the depth from the outlet invert to the hydraulic grade line, 
h0 , by selecting the larger of either TW or (d<: + D I 2). Enter this 
larger value in Row 6. 

e. From Table I 1.1, obtain the appropriate entrance loss coefficient, Ke, 
for the proposed inlet configuration of the culvert. 

f. Compute the head loss which occurs as the flow passes through the 
culvert, H. If the downstream channel velocity is included in the 
analysis, then use the equation: 

H = [~ - ~ l + [ Ke + 29n2 L l ~ 
2g 2g RL

33 2g 
(11.4) 

Or, when the downstream channel velocity is neglected, use the 
equation: 

H ~ [ 1 + K, + (11.5) 
lg 

Enter H in Row 7. 

In Equation 11.4 and Equation 11.5, the sym bois are defined as: 

H 
g 
Ke 
n 
L = 
R = 
R = 
A = 
p 
y = 

vd 

Head losses through the culvert, in feet; 
Gravitational constant, 32.2 ft/sec2

; 

Entrance loss coefficient, dimensionless; 
Manning's roughness coefficient; 
Barrel length, in feet; 
Hydraulic radius of the full culvert barrel, in feet; 
A/P; 
FuU cross-sectional area of flow, in square feet; 
Wetted perimeter of the barrel, in feet; 
Average velocity of flow in the culvert barrel, in feet/ 
sec; and, 
Channel velocity downstream of the culvert, in feet/sec. 
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TABLE 11.1: ENTRANCE LOSS COEFFICIENTS FOR OUTLET CONTROL: 
FULL, OR PARTLY FULL, ENTRANCE HEAD LOSS 

Type of Structure and Design of Entrance 

Pipe, Concrete 

Projecting from fill, socket end (groove-end) 
Projecting from fill, square-cut end 
Headwall, or headwall and wingwaUs 

Socket end of pipe (groove-end) 
Square-edged 
Rounded (radius = 1/12D) 

Mitered to conform to fill slope 
End-Section conforming to fill slope 
Beveled edges, 33.7• or 4Y bevels 
Side-tapered or slope-tapered inlet 

Pipe, or Pipe-Arch, Corrueated Metal 

Projecting from fill (no headwall) 
Headwall, or headwall and wingwalls, square-edged 
Mitered to conform to fill slope, paved 

or unpaved slope 
End-Section conforming to fill slope 
Beveled edges, 33.r or 45• bevels 
Side-tapered or slope-tapered inlet 

Box, Reinforced Concrete 

Headwall parallel to embankment (no wingwalls) 
Squared-edged on 3 edges 
Rounded on 3 edges to radius of I / 12 barrel 

dimension, or beveled edges on 3 sides 
Wingwalls at 30• to 75° to barrel 
Squared-edged at crown 
Crown edge rounded to radius of 1/ I 2 barrel 

dimension, or beveled top edge 
Wing wall at I o• to 25° to barrel 
Squared-edged at crown 
Wingwalls parallel (extension of sides) 
Squared-edged at crown 
Side-tapered or slope- tapered inlet 

(Reference: Federal Highway Administration, 1985) 
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STEP 5: 

STEP 6: 

XI. CULVERTS 

If the culvert has bends, junctions, or grates, Equations 11.4 and 11.5 
do not strictly apply, and the engineer should consult Chapter IV in 
HDS-5 for appropriate head-loss factors. Similarly, nomographs for 
evaluating head loss under outlet control can be found in HDS-5. 

g. Calculate the required outlet-control headwater elevation, ELho• which 
is defined as: 

(11.6) 

Where: 
EL

0 
Outlet invert elevation; 

hr Friction (barrel) head losses~ and, 
h0 Difference in height between the outlet invert and the 

hydraulic grade line. 

Enter EL0 in Row 8. 

Compare the headwater elevations computed for inlet and outlet control. 
The higher of either HWi or ELho is designated as the controlling headwater 
elevation. If the controlling headwater elevation is higher than the design 
headwater elevation, which is estaplished beforehand by the Engineer, the 
potential for use of an improv.ed entrance should be examined if the culvert 
is under inlet control, gtvmg due consideration to the possibility of 
sedimentation. However, under outlet control, an enlarged barrel should not 
be considered, because inlet improvements are of little benefit. Instead, the 
engineer should consider either enlarging the culvert barrel or adding more 
barrels . 

Calculate the outlet velocity as follows: 

a. If the controlling headwater is based upon inlet control, determine the 
normal depth and velocity in the culvert barrel from Manning's 
Equation. The velocity at normal depth is assumed to be the outlet 
velocity . 

b. If the controlling headwater is based upon outlet control, determine the 
area of flow at the outlet based on the barrel geometry and the 
following: 

I . Critical depth--if the tailwater is below critical depth; 

2. The tailwater depth--if the tailwater is between critical depth and 
the top of the barrel; and, 

3. The height of the barrel--if the tailwater is above the top of the 
barrel. 
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STEP 7: 

Once the flow area at the outlet has been determined, the outlet velocity 
can be calculated by merely dividing the discharge in the culvert by the 
computed flow area. 

Once determined, compare the outlet velocity with the existing 
velocity to see whether or not outlet protection measures are needed. 
to Section 1 I .4.4.2 of this Manual for evaluation criteria. 

channel 
Refer 

Repeat the design process until an acceptable culvert configuration is 
determined. Once the barrel geometry is selected, it must be fitted into the 
roadway cross section. The culvert barrel must have adequate cover; its 
length should be close to the roadway right-of-way width; and the headwalls 
and wingwalls must be properly dimensioned. 

If the selected culvert will not fit the site, return to the culvert design 
process and select another culvert. If neither tapered inlets nor flow 
routing are to be applied, document the design. An acceptable design should 
always be accompanied by a performance curve which displays culvert 
behavior over a range of discharges. If tapered inlets are to be 
investigated, refer to Chapter IV irt HDS-5. 

Situations are sometimes encountered, particularly where the upstream 
channel is lined and very steep, in which normal depth upstream of the 
culvert is less than the required height of the culvert, as determined from 
the nomographs. · In such situations, alternate design procedures may be u~ed 
if prior approval is obtained, in writing, from the City Engineer. 

1 1 .4 Guidelines for Culvert Design 

The physical setting found at each proposed culvert location, such as topography 
and the amount of encroachment into the wash , play an important roll in selecting the 
alternative culvert designs and appurtenances to be considered. The quantity and 
direction of flow, the amount of sediment and debris being carried by the Dow, and 
the need for vehicular and pedestrian safety measures all must be evaluated individually 
at each site on a case-by-case basis. Requiring that minimum design standards be 
followed under all conditions may be detrimental in terms of adding unnecessary costs 
or promoting inadequate performance. Therefore, the following section contains 
guidelines that are not necessarily required for all projects; but which will nevertheless 
be an aid to designing culvert inlets and outlets based on hydraulic efficiency, possible 
sedimentation, erosion, and/or debris accumulation, and the need to control pedestrian 
access. 

11.4.1 Hydraulics of Culverts and Dip Sections 

A detailed description of culvert hydraulics may be found in either HEC-5 
(Federal Highway Administration, 1965) or HDS-5 (Federal Highway Administration, 
1985). The evaluation of culvert flow is in terms of either inlet or outlet control. 
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XI. CULVERTS 

The capacity of culverts flowing under inlet control is not affected by hydraulic 
conditions within the culvert. Since the control section .is located at the inlet, only 
the headwater depth and inlet geometry affect culvert performance. Inlet-control 
culverts generally do not flow full throughout their length. 

The capacity of culverts flowing under outlet control is affected by hydraulic 
conditions within the culvert. Controlling factors are headwater depth, inlet geometry, 
barrel length and slope, and tailwater elevation. For relatively long culverts, a 
comparison of normal depth with critical depth will generally indicate whether inlet or 
outlet control will exist. 

During the design flood, the culvert system may alternate between inlet and 
outlet control as the magnitude of flow changes with time. Similarly, the roadway may 
be overtopped--thus changing the stage-discharge relationship dramatically. Therefore, 
it is beneficial to construct a performance curve for the roadway crossing. 

Generally, when roadways are overtopped by floodwaters , they hydraulically 
behave as broad-crested weirs. For cases where the approach velocity is negligible and 
there is little variation in flow depth across the street sag, the specific head, H, used 
in the typical broad-crested weir equation 

Q (11.7) 

is set equal to the ratio of cross-sectional area, A, and channel top width, TW (i.e., 
H = A/ TIV). However, for cases where the approach velocity is significant, H should 
include the velocity-head component, vzj2g. 

When flow depth varies considerably across the roadway, the cross section should 
be divided into several segments, and the flow computed for each segment using the 
equation: 

q 

Where: 
q 
L 
c 

= 

H 1 and H 2 = 

Discharge per segment, in cubic feet per second; 
Weir- segment crest length, in feet; 

(11.8) 

Weir coefficient (see standard hydraulic reference texts); and, 
Specific heads, in feet, at the ends of the segment; where H 1 
must not equal Hz (i.e., Hz > H1). 

Figure 11.6 may be used to summarize the computations for embankment overf1ow. 
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It should be noted that armoring of the sides of the roadway may be necessary if 
the roadway will be overtopped by a flood. The need for annoring will depend upon 
the frequency and severity of overtopping, and the consequences of sustaining a 
damaged roadway. Therefore, armoring is required for all overtopping situations, unless 
waived, in writing, by the City Engineer. 

11.4.2 Culvert Inlets and Outlets 

11.4.2.1 Inlets 

If it is determined by hydraulic analysis that (I) the proposed culvert is under 
inlet control and · that (2) the required headwater elevation is greater than the 
allowable or design headwater elevation, additional culvert conveyance and a 
proportionate reduction in headwater can be obtained by adding any of the following 
improvements at the inlet: wingwalls, side-tapered and/or slope-tapered inlets, or a 
beveled inlet edge. Hydraulically, these inlet improvements, individually or collectively, 
can reduce the entrance loss coefficient, Ke, increase the entrance area, and increase 
the effective headwater depth. However, the potential for sedimentation within 
improved inlets should always be given due consideration whenever their use is 
contemplated. 

Because of the limited use of improved inlets (particularly tapered inlets), a 
detailed description is not provided in this manual. However, a detailed description of 
the specific hydraulic theory, as well as a step-by-step procedure for designing 
improved inlets for culverts, can be found in HDS-5 (Federal Highway Administration , 
1985). 

For information regarding the structural design of improved inlets for culverts, 
the engineer should examine the "Structural Design Manual For Improved Inlets And 
Culverts" (Federal Highway Administration, 1983a); or the Standard Drawings published 
by the Structures Section of the Arizona Department of Transportation (1987). 

In order to reduce the design effort and to minimize construction costs, it is 
recommended that the beveled inlets and wingwalls be used as detailed in either 
A.D.O.T. construction drawings or the A.D.O.T. Structures Section's Standard Drawings. 

11.4.2.2 Outlets 

The design of culvert outlets is based primarily upon structural considerations 
aimed at protecting either the culvert or the embankment from channel scour or bank 
sloughing, rather than for hydraulic efficiency. 

Therefore, it is extremely important that the design engineer examine whether or 
not the stream channel in which the culvert is placed is undergoing either aggradation 
or degradation in response to urbanization, channelization, excavation, etc., that either 
has occurred or is occurring within the contributing watershed system. If degradation 
is anticipated, then the future equilibrium slope should be determined (see Chapter VI 
of this Manual), and a structurally sound cutoff wall should be designed to prevent the 
culvert and embankment from being undermined . 
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Similarly, if the outlet velocity is found to be excessive, in accordance with 
criteria as outlined in Section 11.4.4.2 of this Manual, outlet scour protection should 
be provided. If scour protection is needed at an outlet, the design engineer is advised 
that design information can be obtained from Hydraulic Engineering Circular Number 14 
(HEC-14), entitled "Hydraulic Design of Energy Dissipaters For Culverts and Channels" 
(Federal Highway Admjnistration, 1983b). 

11.4.3 Debris Grates 

In the design process, the engineer should consider whether or not the upstream 
watershed will yield sufficient naturally-produced or man-made debris to pose a 
potential blockage problem. If debris is considered a problem, then an appropriate 
grate should be installed. Because of the large number of combinations of culverts and 
types of debris possible, there is no single standard grate design. Instead, the 
engineer is advised to review the Federal Highway Administration (1971) manual 
entitled "Debris-Control Structures" prior to designing any inlet structure. 

It is the policy of the City Engineer that debris grates on culverts be used only 
as a last resort. The recommended method of accounting for an expected debris 
problem is to increase the size of the culvert, whenever possible. 

11.4.4 Sedimentation and Erosion 

11.4.4.1 Inlet Recommendations 

It is recommended that 

1. For either aggrading channels or those channels carrying signjficant sediment 
loads, both the inlet velocity and the inlet-pool velocity of flow at the 
entrance to a culvert should very nearly equal the approach velocity of flow 
in the upstream channel. 

2. Drop inlets (abrupt) should only be used when the upstream channel is 
totally bank protected (i.e., both sides and channel bottom), and when 
significant sediment loads are !!Ql anticipated. 

11.4.4.2 Outlet Recommendalions 

It is recommended that 

1. Outlet protection must be installed if H is shown that the expected scour 
from the culvert will pose a threat to downstream property or bank 
protection. The procedure for estimating scour hole geometry is given in 
Section 6.7 of this Manual . The following . guidelines adapted from the 
Arizona Highway Department are suggested for determining where and what 
type of outlet protection is required (Pima County Department of 
Transportation and Flood Control District, 1984, Pages VI-9 and VI-10): 
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CULVERT OUTLET VELOCITY 

Less than 4 f ps 

More than 4 fps and 
less than 1 0 f ps 

More than 10 fps 

SUGGESTED OUTLET 
PROTECTION 

No protection required 

Dumped rock riprap 

Wire-tied riprap 

If the velocity is greater than J 0 fps, consider using a concrete energy dissipator, 
or increasing culvert size. 

2. Structurally-designed downstream cut-off walls should be installed whenever 
the equilibrium channel slope is less than the existing channel slope. Refer 
to Chapter VI of this Manual for the sizing and spacing of cut-off walls. 

3. Downstream embankment stabilization should be provided whenever the 100-
year design flood overtops the roadway for a continuous period of time 
exceeding 10 minutes in duration (Pima County Department of Transportation 
and Flood Control District, 1984, P. VI-8). 

I J .5 Culvert vs. Bridge Crossings 

Sedimentation at culvert crossings may be a problem when the culvert cannot 
transport all of the sediment being delivered by the approach channel. In general, pipe 
culverts will transport less sediment than box culverts , and smooth pipes (e.g., 
concrete) will transport more sediment than corrugated metal pipes. However, the most 
effective method of eliminating sedimentation problems is to utilize a bridge structure 
which minimizes changes to the hydraulics or geometry of the approach channel. 
Equation 11.9 is provided as an aid to the engineer in determining if a particular 
culvert crossing may experience sediment deposition either within the culvert or at its 
entrance. 

Where: 
':Rs 
Qac = 
Qp 
sac = 
sp 
nac 

[ ]

1.66 [ l-1.55 [ l 0.91 Q~ S~ n~ R~ 
-- -- -- --

Qp SP nP RP 

Sediment-transport ratio (channel to cul vert); 
Discharge in approach channel, in cubic feet per second; 
Total culvert discharge, in cubic feet per second; 
Longitudinal slope of approach channel, in feet/ foot; 
Longitudinal slope of culvert, in feet/ foot ; 
Manning's roughness coefficient for the approach channel; 
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Manning's roughness coefficient for the culvert; 
Hydraulic radius of flow in approach channel, in feet; and, 
Hydraulic radius of flow within the culvert, in feet. 

If the value ~s in Equation 11.9 is less than 1.0, the culvert will most likely be 
able to transport the sediment being delivered by the approach channel. If the value 
of ~. is greater than 1.0, sedimentation may occur, and an alternate culvert or a 
bridge structure should be considered. The value of SP in Equation 11.9 should never 
exceed the critical slope of the culvert for the discharge involved. The culvert itself 
may be placed on a slope greater than critical, but critical slope should always be used 
in Equation 11.9 under such circumstances. Additionally, if tailwater exceeds the soffit 
of the culvert, then a hydraulic grade line should be calculated, and the friction slope 
of the culvert should be used in Equation 11.9. 

11.6 At-Grade {Dip) Crossings 

Crossings of watercourses which are designed to allow drainage to flow across 
roadways at-grade are commonly referred to as either al-grade or dip crossings. These 
"structures" are often used where strict all-weather-access criteria do not need to be 
met. Nevertheless, when flows pass over at-grade crossings, hazardous conditions may 
be created both during and immediately after such flows because of downstream erosion 
and/or sediment and debris buildup within the crossing itself. 

In .order to minimize these hazardous conditions during and immediately after a 
flow event, the at-grade crossing should be built with a minimum four-percent cross 
slope, unless horizontal and vertical controls for traffic safety dictate otherwise, in 
order to reduce the potential for sedimentation within the crossing. The cross-slope 
should be accomplished by providing the vertical rise on the upstream side of the 
crossing, with the downstream side meeting existing grade (Pima County Department of 
Transportation and Flood Control District, 1984). At a minimum, a two-foot-deep 
cutoff wall should be placed along the upstream side of the at- grade crossing in order 
to protect the pavement edge from general scour. In addition, an adequately deep 
cutoff wall (i.e., based upon criteria contained within this Manual, but in no case less 
than three feet in depth) , should be placed along the downstream side of the pavement 
in order to prevent erosion damage, due to local scour and channel degradation, from 
occurring immediately downstream of the at-grade crossing. 
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8.5.5 Bank-Protection Toe-Downs 

Bank-protection toe-downs refer to the extension of bank protection below the 
channel bed. Although shallow (i.e., ~ 6.0 feet) toe-downs are normally vertical, they 
sometimes are extended below the channel bottom along the same side-slope as the 
bank itself. The purpose of a toe-down is to prevent failure of the bank protection 
due to scour or long-term degradation of the channel bed. 

Bank-protection toe-downs shall extend to the combined depth associated with 
general scour, bend scour, local scour, low-flow incisement, sand-wave troughs, and 
long-term degradation predicted to occur within the channel. The procedures used in 
calculating these depths are presented in Chapter VI of this ManuaL Below grade
control structures, the toe-down shall conform to the geometry of the scour hole, as 
determined by the methodology also presented in Chapter VI of this Manual. 

The soil beneath the channel bed may contain erosion-resistant material , such as 
caliche. The scour depth calculated using the methodologies outlined in Chapter VI of 
this Manual may then become unrealistic. A geotechnical report which demonstrates 
that the bed is composed of erosion-resistant material may be submitted by a soils 
engineer to justify a reduction in the toe-down depth. However, the toe- down depth 
along major washes shall never be less than four feet, nor shall toe-downs along minor 
washes be less than one-half the depth of flow, unless bedrock is encountered. 

8.5.6 Low-Flow and Compound Channels 

8.5.6.1 Low-Flow Channels 

Frequently, the design of a drainage channel that conveys the 100-year discharge 
leads to a situation in which the bottom of the channel cross section is too wide to 
efficiently convey the low-flow discharges. As a consequence, these more frequent 
discharges will create an incised low-flow channel that may meander back and forth 
across the bed of the channel, instead of allowing flow to spread uniformly across the 
entire channel width. This meandering process can cause frequent and unnecessary 
scouring at the toe of the primary banks; and, if left unchecked, can ultimately 
threaten both the horizontal and vertical stability of the channel. This meander action 
might even have the capability to destabilize totally lined channels by attacking the 
lining at the joint between the toe of the bank and the channel bottom. To avoid this 
meandering process, it is recommended that consideration be given to constructing a 
small low-flow channel within any larger channel in order to restrict the low flows to 
a designated area within the primary channel. This low-flow channel should be 
designed, where practicable, in a manner such that the unit discharge associated with 
the 2-year event is the same as that which exists under natural conditions. However, 
practical considerations may require that the low-flow channel, if installed, be 
somewhat smaller. 

8.5.6.2 Compound Channels 

A vanatwn upon the concept of a constructed low-flow channel is the compound 
channel. A compound channel contains a significant portion of the design discharge in 
a stabilized lower channel. A terrace on each side of the stabilization contains the 
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CHAPTER 8. CULVERTS AND STORM DRAINS 

8.1 Purpose 

This chapter provides policies and criteria for the analysis and design of culverts and storm 
drain systems. Analysis methodologies are provided mainly by reference to widely accepted and 
available design manuals that have been prepared by the Federal Highway Administration and 
other government agencies. 

8.2 Policies 

a. All natural drainages crossing roadways will be culverted, unless otherwise 
approved by the County Engineer. 

b. Street crossings shall be designed to convey the 25-year peak discharge under the 
road. Regardless of the size of the culvert, street crossings are to be designed to 
convey the 100-year peak discharge under and/or over the road to an area 
downstream of the crossing to which the flow would have gone in the absence of 
the crossing. 1 00-year flow depths over the roadway shall not exceed 1-foot in 
depth. Flows up to or including the 1 00-year frequency shall not cause increased 
flooding of private land, developable lands or buildings, unless a drainage 
easement is obtained for those areas. The ponded headwater elevation shall be 
delineated on a contour map or using other surveying methods, as required. 

c. The minimum size for culverts draining roadways is 18 inches in diameter or arch 
equivalent, and for driveways is 15 inches in diameter. 

d. Culverts with a diameter less than or equal to 48 inches shall have a concrete 
headwall or other approved inlet/outlet protection. 

e. Outlet protection shall be evaluated for all culverts as described in this Chapter. 

f. All culverts shall be placed in the natural flow line and channel whenever possible. 
A detail showing the proposed culvert(s) will be required. The detail will include 
but shall not be limited to, invert elevations, top of road elevations, headwalls, 
inflow and outflow channel geometry, erosion protection, etc. 

g. Minimum cover of fill over culverts must be provided to maintain the structural 
integrity of the pipe under anticipated loading conditions. Culvert manufacturers 
provide minimum cover requirements for prefabricated pipe. All culverts shall 
have a minimum of one-foot (1) of cover from the top of subgrade. The top of 
culverts shall not extend into the roadway subgrade. Minimum cover shall be 
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measured from the top ofsubgrade, which is the bottom of the pavement structural 
section. 

h. Storm drains shall be designed such that at least one lane of traffic is free from 
runofl~ during a 1 0-year flow, on arterial streets. Storm drains shall be designed such 
that flow will be contained between the curbs, during a 1 0-year flow, on local and 
collector streets. 

i. The minimum pipe diameter allowable for public storm-drain systems is 18 inches, 
unless otherwise approved by Yavapai County. In general main-line stormdrains 
should be at least 24 inches in diameter. 

J. Public storm-drain systems should be designed for pressure flow whenever possible. 

k. The minimum flow velocity in a storm drain is 3 feet-per-second, for purposes of 
self-cleaning. 

L The minimum allowable storm-drain slope for concrete or smooth metal pipe shall 
be 0.1 percent However a minimum slope of 0.3 percent is desirable, whenever 
possible . 

m. Manholes should be located at stormdrain junctions, changes in pipe size, sharp 
curves, angle points in excess of ten degrees and at abrupt changes in grade. 
Manholes shall also be located at regular iuLervals as follows: 

300 feet 
400 feet 
500 feet 

Pipe diameter ~ 30 " 
30" < Pipe diameter ~ 45 " 
Pipe Diameter > 45" 

8.3 Culvert Design Procedures 

8.3. 1 Culvert Hydraulics 

Culvert hydraulics should be evaluated using the procedures established by the Federal 
Highway Administration (FH\iV A) as presented within the readily available publication entitled 
Hydraulic Design of Highway Culverts (1985), often referred to as "HDS-5". Culverts should be 
evaluated for both inlet control and outlet control, to ensure that the correct headwater elevation is 
determined. Use of the computer programs, such as the FHW A "HY-8" program or equivalents, are 
also acceptable for culvert analysis and selection . 
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In order to expedite review and approval of the hydraulic design of culverts by County staff, the 
Culvert Design Form within "HDS-5" should be used. This form is also provided as Figure 8.1 of this 
manual. The computer reports produced by the "HY-8" or equivalent programs are also acceptable 
for presenting culvert analysis results. 

8.3.2 Debris Grates 

As part of the culvert design process, the engineer should consider whether or not the 
upstream watershed will yield sufficient naturally-produced or man-made debris to pose a potential 
blockage problem. If debris is considered a problem, then an appropriate grate should be considered, 
or the culvert should be enlarged to account for blockage. Because of the large number of 
combinations of culverts and types of debris possible, there is no single standard grate design. Rather, 
the engineer is advised to review the Federal Highway Administration manual entitled D ebris-Control 
Structures (1971) to help aid in selecting an appropriate debris grate. 

It is the policy ofYavapai County tl1at debris grates on culverts be used only where necessary. 
The recommended method of accounting for expected debris problems is to increase the size of the 
culvert, whenever possible. 

8.3.3 Outlet Protection 

Outlet protection shall be evaluated for all culverts . The following guidelines, adapted from 
the Arizona Highway Department, are suggested for determining what type of outlet protection is 
required. For culvert outlets located within tl1e right-of-way, grouted riprap shall be provided at all 
inlets/outlets as well as on fill slopes, unless otl1erwise approved by the County Engineer. For culverts 
not located witllin the right-of-way the following outlet protection shall be utilized: 

CULVERT OUfLET VELOCITY 

Less than 4 fps 

More than 4 fps and 
less than 10 fps 

More than 10 fps and 
less than 15 fps 

Greater than 15 fps 

No protection required 

Dumped rock riprap 
(See section 6.3.1 for riprap sizing) 

Wire tied or grouted 
rock riprap 

Energy dissipater 

For culverts with outlet velocities greater than 15 fps, an energy dissipator should be 
considered. The objective of an energy dissipater is to return the flow to a condition which 
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approximates the existing flow width, depth and velocity. The engineer designing energy dissipators 
should refer to the FHW A publication entitled Hydraulic Design of Energy Dissipater for Culverts 
and Channels, HECNo. 14, (1983). 

8.4- Storm Drain Design Procedures 

8.4.1 Storm Drain Hydraulics 

The hydraulic design of storm drain systems includes the determination of flow peaks, the 
evaluation of street and gutter flow, capacity and spacing of inlets and hydraulic grade line 
computations for the underground conduits. The procedures provided within Chapter 3 of this 
manual shall be used for determining flow peaks for the design of stormdrain systems. A number of 
widely distribuled manuals are available which provide hydraulic design procedures for evaluation of 
street and gutter flow, inlet design and hydraulic grade line calculations. Some of these manuals 
include 1) Urban Storm Drainage Critena Manual, Denver Regional Council of Governments (1969), 
2) Drainage ofHighway Pavements (HECNo.12), Federal Highway Administration (1984), 3) Design 
of Urban .Highway Drainage- The State of the AFL; Federal Higl1way Administration (1979), and 4) 
Drainage D esign Manual for Maricopa Coun~ AFizona, Volume II- Hydraulics. Several additional 
publications are provided in the References section of this manual. 

A number of computer programs are available for performing hydraulic grade line (HGL) 
calculations. The use of appropriate computer programs are acceptable, however in order to facilitate 
review and approval by Yavapai County, Lhe results of any HGL computation should be compiled on a 
standard Hydraulic Grade Line Calculation Sheet such as is provided on Figure 8.2 of Lhis manual. In 
addition, a profile plot of the hydraulic grade line shall be provided which, at a minimum, provides 
pipe invert elevation, hydraulic grade line, energy grade line, ground surface, pipe sizes, junctions, 
curves, angle points, man-holes, laterals and tl1e downstream controlling tailwater. 

8.4.2 Inlet Clogging 
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The following guidelines should be followed to provide an appropriate factor of safety against 
clogging of pavement inlets: 

GRATES: 

Sump Conditions: 

• Orifice Flow: required area = 2 x calculated area. 

• W cir Flow: required perimeter = 2 x calculated perimeter. 

Continuous-grade conditions: 

• Required length of opening = 2 x calculated length. 

Sump Conditions: 

• Required length of opening = 1.5 x calculated length. 

Continuous-grade conditions: 

• Required length of opening = 1.25 x calculated length. 

COMBI1 ATION GRATE A 

Sump Conditions: 

• Orifice Flow: required area = 2 x calculated area for grate; required length = 
1.25 x calculated length for curb inlet 

• Weir Flow: required perimeter = 2.0 x calculated perimeter for grate; required 
length = 1.25 calculated length for curb inlet 

Continuous-grade conditions: 
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Required length of opening = 1.5 x calculated length for grate; required length 
= 1.25 x calculated length for curb inlet 

SLOTTED DRAI rs 

Sump Conditions: 

• Required length = 2 x calculated length. 

Continuous-grade conditions: 

• Parallel to flow: required length = 1.5 x calculated length. 

Perpendicular to flow: Do not use. 

These general guidelines should be used unless more detailed information related to clogging 
for a specific grate type is available from the manufacturer. 

OTE: All stormdrain inlet grates shall be designed to prevent bicycle tire penetration 
(i.e . "bicycle-safe" grates) . 
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8. CULVERTS AND STORMDRAINS 

HYDRAULIC GRADE LINE CALCULATION SHEET SHEET OF --
PROJECT: 
LINE: CALCULATED BY: 
DATE: 

STATION Sf Ave. Sf 

FIGURE8.2 
HYDRAULIC GRADE LINE CALCULATION SHEET 

YAVAPAI COUNTY, ARIZONA 8.8 DRAINAGE CRITERIA MANUAL 
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XI. 

Floodplain Issues in Transportation Design 
Presentation Outline By S~e.:::.ct.:..:..io~n~----------, 

1 /3/02 Teaching Time: 30 Minutes 

Overview of Design Process 

A. Project Initiation 

Approx. 15 Slides Total: 
--5 Figures/Pictures 
--10 Bullet Point Slides 

a) Three Level Design Approach -- (Section 9.3.1 of HDS6-01) 
(Section 4.3.1 to 4.3.3 ; 4.4 to 4.7 in HEC20-95) 

b) Develop a Project Concept-- (Section 9.3.2 of HDS6-01) 
c) Assemble Available Data-- (Section 9.3.2 of HDS6-01) 
d) Conduct a Field Reconnaissance-- (Section 9.3.1 of HDS6-01) 
e) Collect Additional Field Data-- (Section 9.3.1 of HDS6-01) 

FOR THE ABOVE USE EXCERPTS OF: 
HDS6-01 (Section 9.3) 
HEC20-95 (Section 4 .3 to 4.7) 
HDS1-78 (Section 11) 
TXDOT -02 (Section 4.4) 

USE FIGURE 9.1 OF HDS6-01 
Handout TXDOT-02 (Section 4.4 "Data Evaluation Procedure") 

B. Principal Factors to be Considered in Design 

a) Types of Rivers --(Section 9.2.1 of HDS6-01) 
b) Location of crossing --(Section 9.2.2 of HDS6-01) 
c) River Characteristics --(Section 9.2.3 of HDS6-01) 
d) River Geometry --(Section 9.2.4 of HDS6-01) --(Section 3 of 

SS9-02) 
e) Hydrologic Data --(Section 9.2.5 of HDS6-01) 
f) Hydraulic Data --(Section 9.2.6 of HDS6-01) 
g) Characteristics of the Watershed --(Section 9.2. 7 of HOS6-01) 
h) Flow Alignment --(Section 9.2.8 of HDS6-01) 
i) Floodplain Flow --(Section 9.2.9 of HDS6-01) 
j) Final Site Selection --(Section 9.2.1 0 of HDS6-01) 
k) Channel Stability --(Section 9.2.11 of HDS6-01) 
I) Short-Term Response --(Section 9.2.12 of HDS6-01) 
m) Long-Term Response-- (Section 9.2.13 of HDS6-01) 

FOR THE ABOVE USE EXCERPTS OF: 
HDS6-01 (Section 9.2) 
SS9-02 (Section 7.3) 

1 

Stantec 
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C. Resources 

1. Checklist of Data Needs Include 

a) Maps 
b) Photos 
c) Surveys 
d) Information on Existing Structures, Bridges, Dams, Diversion, 

or Outfalls 
e) Soils 
f) Climatological 
g) Land Use 
h) Hydrologic 
i) Existing Floodplain Studies 
j) Channel Geometry 
k) Sediment Discharge 
I) Planned Projects 

USE TABLE 8.1 OF HDS6-01 

2. List of Data Sources 

a) Topographic Maps 
b) Planimetric Maps 
c) Aerial Photographs 
d) Transportation Maps 
e) Survey 
f) Geologic Maps 
g) Soil Data 
h) Climatological Data 
i) Stream Flow Data 
j) Floodplain Studies 
k) Sedimentation Data 
I) Environmental Data 

USE TABLE 8.2 OF HDSG-01 

3. Use CLOMR process as part of the predesign process. CLOMR 
process considers basic Hydraulics & Hydrology parameters. 

FOR THE ABOVE USE EXCERPTS OF: 
HDS6-01 (Section 8.1 to 8.4) 

Stantec 
2 
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peak discharges can also be used. In using this method, the conveyance of the channel is 
calculated using the Manning equation in which the roughness coefficient, n, needs to be 
estimated from the discussion presented in Chapters 2 and 3. By referring to a catalog of 
(color) photographs, similar channel situations to the specific site can be identified and a 
relatively inexperienced engineer may make a reliable estimate for n. 

Whatever approach is used, the reader is cautioned not to blindly accept computer printout as 
the final answer in estimating a flood frequency relationsh ip. The data should be plotted on 
probability paper as analyzed by several commonly used methods. Sometimes paleo (ancient) 
hydrology techniques need to be employed to resolve historic outliers at very sensitive sites. 

8.1.1 0 Environmental Data 

In making environmental impact analyses of highway projects on streams and rivers, it is 
necessary to obtain water quality and biological data for the streams. Such data are not readily 
available for many rivers. Municipal water and sewage treatment facilities and industrial plants 
utilizing river water should have recent records regarding river water quality which will be 
helpful in making comprehensive environmental analyses. Water quality data for certain rivers 
can be obtained from the U.S. Geological Survey. Wildlife information such as migration 
patterns of deer and elk should be determined and local game refuges should be located. 
Information regarding fishes and their river habitat should be obtainable from the state fish and 
game agencies. Species of trees and other vegetation should be determined, and some 
information regarding sensitivity of the flora to auto emissions should be obtained. Data should 
also be obtained in order to enable assessment of stream turbidity during and after highway 
construction . Information on soil type to be used in construction of embankments would be 
helpful in this regard . 

8.2 CHECKLIST OF OAT A NEEDS 

As an aid in collecting data preparatory to analysis of rivers and highway encroachment of 
rivers, the relevant types of data have been listed in Table 8.1. There may be more data items 
included in this table than are needed for a given project site, and some judgment is required . 
For data which are not available, the checklist should be helpful for planning a field 
investigation or other data acquisition program. 

8.3 DATA SOURCES 

The best data sources are national data centers where the principal function is to disseminate 
data. But it might be necessary to collect data from a variety of other sources such as from a 
field investigation , interviews with local residents, and a search through library material. 
Detailed information on the location of these federal agencies across the U.S. is available in 
Appendix A of the manual HEC-19, (FHWA 1984). The list of sources in Table 8.2 is provided 
to serve as a guide to the data collection task . 
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Table 8 .1. Checklist of Data Needs. 

Maps and Charts: 

(1 ) Geographic 
(2) Topographic 
(3) Geologic 
(4) Navigation Charts 
(5) Potamology Surveys 
(6) County and City Plats 

Aerial and Other Photos: 

(1) Large Scale Photos for Working Plans 
(2) Small Scale Stereo Pairs of River and Surrounding Terrain 
(3) Color Infrared Photos for Flow Patterns, Scour Zones, and Vegetation 
(4) Ground Photos 
(5) Underwater Photos 

Information on Existing Structures, Bridges, Dams, Diversion, or Outfalls: 

(1) Plans and Details 
(2) Construction Details 
(3) Alterations and Repairs 
(4) Foundations 
(5) Piers and Abutments 
(6) Scour 
(7) Dikes 
(8) Field Investigations: 

• Bridge structure and repairs to bridge and approach 
• Damage due to ice or debris 

Hydraulic, Hydrology, and Soils: 

(1 ) Discharge Records 
(2) Stage-Discharge Records 
(3) Flood Frequency Curves for Stations Near Site 
(4) Flow Duration Curves (hydrographs) 
(5) Newspaper, Radio, Television, Accounts of Large Floods 
(6) Channel Geometry: 

• Main channel 
• Side channel 
• Navigation channel 
• Floodplain 
• Slopes 
• Backwater calculation 
• Bars 
• Sinuosity 
• Type {braided, meandering , straight) 
• Controls (falls, rapids, restriction, rock outcropping dams, diversions) 

(7) Sediment Discharge: 
• Size distribution 
• Bed and Bank Material Sizes 
• Roughness Coefficient n 

(8) Ice: 
• Recorded thickness 
• Dates of freeze up and break up 
• Flow patterns and jams 
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Hydraulic, Hydrology, and Soils (continued): 

(9) Regulating Structures: 

• Dams, diversions 

• Intake, outfalls 

• Scour survey around existing piers, abutments, spur dikes 

• Inspect and photograph stabilization works, riprap sizes, filter blankets 

• Check wells for groundwater levels in areas 

• Install gaging stations 
(10) Soils Information: 

• Excavation data 

• Borrow pits 

• Gravel pits 

• Cuts 

• Tunnels 

• Core boring logs 

• Well drilling logs 

• Soil tests 

• Permeability 

• Rock for riprap 
(11) Planned and Anticipated Water Resources Projects 
(12) Lakes, Tributaries, Reservoirs or Side Channel Impoundments 
(13) Field Surveys: 

• Onsite inspections and photographs 

• Samples of sediments 

• Measure water and sediment discharge 

• Observe channel changes or realignment since last maps or photos • • Identify high water lines or debris deposits due to recent floods 

• Check magnitude of velocities and direction of flow in vicinity of proposed structure 

• Outcroppings 

• Subsurface Exploration 

Climatological Data: 

(1) National Weather Service Records for Precipitation 
(2) Wind 
(3) Temperatures 

Land Use: 

(1) Zoning Maps 
(2) Recent Aerial Photographs 
(3) Planning Committee Records 
(4) Urban Areas 
(5) Industrial Areas 
(6) Recreational Areas 
(7) Primitive Areas 
(8) Forests 
(9) Vegetation 
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Table 8.2 . List of Data Sources. 
Topographic Maps: 

(1) Quadrangle maps - U.S. Department of the Interior, Geological Survey, Topographic Division; and 
U.S. Department of The Army, Army Map Service 

(2) River plans and profiles - U.S. Department of the Interior, Geological Survey, Conservation Division 
(3) National parks and monuments-- U.S. Department of the Interior, National Park Service 
(4) Federal reclamation project maps-- U.S. Department of the Interior, Bureau of Reclamation 
(5) Local areas - commercial aerial mapping fi rms 
(6) American Societvof Photoqrammetry-
Planimetric Maps: 

(1) Plans of public land surveys-- U.S. Department of the Interior, Bureau of Land Management 
(2) Nationarforest maps-- U.S. Department of Agriculture, Forest Service 
(3) County maps -- State Highway Agency 
(4) City plans-- city or county recorder 
(5) Federal reclamation project maps-- U.S. Department of the Interior, Bureau of Reclamation 
(6) American Society of Photogrammetry 
(7) ASCE Journal -- Surveyinq and Mappinq Division 
Aerial Photographs: 

(1) The following agencies have aerial photographs of portions of the United States: U.S. Department of 
the Interior, Geological Survey, Topographic Division ; U.S. Department of Agriculture, Commodity 
Stabilization Service, Soil Conservation Service and Forest Service; U.S. Air Force; various State 
agencies; commercial aerial survey and mapping fi rms; National Oceanic and Atmospheric 
Administration 

(2) American Society of Photogrammetry 
(3) Photogrammetric Engineering 
(4) Earth Resources Observation System (EROS); Photographs from Gemini, Apollo, Earth Resources, 

Technology Satellite (ERTS) and Skylab 
(5) City or County Records 
(6) State HiqhwavAQency_ 
Transportation Maps: 

(1) State Highway Agency. 
(2) Laroe Cities 
Triangulation and Benchmarks: 

(1) State Engineer. 
(2) State Highway Agency. 
(3) Cities 

Geologic Maps: 

(1) U.S. Department of the Interior, Geologic Survey, Geologic Division; and State Geological Surveys 
Deoartments. (Note - some reoular ouadranole maos show oeoloaical data also.) 

Soil Data: 

(1) County soil survey reports-- U.S. Department of Agriculture, Soil Conservation Service. 
(2) Land use capability surveys-- U.S. Department of Agriculture, Soil Conservation Service. 
(3) Land classification reports- U.S. Department of the Interior, Bureau of Reclamation. 
(4) Hydraulic laboratory reports- U.S. Department of the Interior, Bureau of Reclamation. 
(5) State Universities and State Aaricultural and Conservation Aaencies . 

8 .8 



• 

• 

• 

Table 8.2 . List of Data Sources. 
Climatological Data: 

(1 ) National Weather Service Data Center. 
(2) Hydrologic bulletin -- U.S. Department of Commerce, National Oceanic and Atmospheric 

Administration. 
(3) Technical papers -- U.S. Department of Commerce, National Oceanic and Atmospheric 

Administration. 
(4) Hydrometeorological reports - U.S. Department of Commerce, National Oceanic and Atmospheric 

Administration, and U.S. Department of the Army, Corps of Engineers. 
(5) Cooperative study reports -- U.S. Department of Commerce, National Oceanic and Atmospheric 

Administration and U.S. Department of the Interior Bureau of Reclamation. 
Stream Flow Data: 

(1) Water supply papers -- U.S. Department of the Interior, Geological Survey, Water Resources 
Division. 

(2) Reports of State Engineers. 
(3) Annual reports-- International Boundary and Water Commission , United States and Mexico. 
(4) Annual reports- various interstate compact commissions. 
(5) Hydraulic laboratory reports-- U.S. Department of the Interior, Bureau of Reclamation. 
(6) Corps of Engineers, U.S. Army, Flood control studies. 
(7) Tennessee Valley Authority. 
(8) State Highway Agency. 
(9) USGS, FEMA Flood Studies. 
( 1 Q) Universitv Studies 
Sedimentation Data: 

(1) Water supply papers -- U.S. Department of the Interior, Geological Survey, Quality of Water branch. 
(2) Reports -- U.S. Department of the Interior, Bureau of Reclamation; and U.S. Department of the 

Agriculture, Soil Conservation Service. 
(3) Geoloqical Survev Circulars-- U.S. Department of the Interior Geoloqical Survey. 
Quality of Water Reports: 

(1) Water supply papers-- U.S. Department of the Interior, Geological Survey, Quality of Water Branch. 
(2) Reports-- U.S. Department of Health, Education, and Welfare, Public Health Service. 
(3) Reports-- State Public Health Departments. 
(4) Water Resources Publications -- U.S. Department of the Interior, Bureau of Reclamation. 
(5) Environmental Protection Agency, regional offices. 
(6) State Water Quality Agency. 

Irrigation and Drainage Data: 

(1) Agricultural census reports-- U.S. Department of Commerce, Bureau of the Census. 
(2) Agricultural Statistics-- U.S. Department of Agriculture, Agricultural Marketing Service. 
(3) Federal Reclamation Projects- U.S. Department of the Interior, Bureau of Reclamation. 
(4) Reports and Progress Reports- U.S. Department of the Interior, Bureau of Reclamation. 

Power Data: 

(1) Directory of Electric Utilities- McGraw Hill Publishing Co. 
(2) Directory of Electric and Gas Utilities in the United States-- Federal Power Commission. 
(3) Reports-- various power companies, public utilities, State power commissions, etc . 
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Table 8.2. List of Data Sources. 
Basin and Project Reports and Special Reports: 

(1 ) U.S. Department of the Army, Corps of Engineers. 
(2) U.S. Department of the Interior, Bureau of Land Management, Bureau of Mines, Bureau of 

Reclamation, Fish and Wildlife Service, and National Park Service. 
(3) U.S. Department of Agriculture, Soil Conservation Service. 
(4) U.S. Department of Health, Education, and Welfare, Public Health Service. 
(5) State Departments of Water Resources, Departments of Public Works, power authorities, and 

planning commissions. 

Environmental Data: 

(1) Sanitation and public health - U.S. Department of Health, Education, and Welfare, Public Health 
Service; State Departments of Public Health. 

(2) Fish and Wildlife-- U.S. Department of the Interior, Fish and Wildlife Service; State Game and Fish 
Departments. 

(3) Municipal and Industrial Water Supplies -- City Water Departments; State Universities; Bureau of 
Business Research; State Water Conservation Boards or State Public Works Departments; State 
Health Agencies; Environmental Protection Agency, Public Health Service. 

(4) Watershed Management -- U.S. Department of Agriculture, Soil Conservation Service, Forest 
Service; U.S. Department of the Interior, Bureau of Land Management, Bureau of Indian Affairs. 

(5) State Highway Administration . 

8.4 COMPUTERIZED LITERATURE AND DATA SEARCH 

Recent literature information can be retrieved from computerized databases of technical 
information. The principal databases related to highway and river environment are: 
COMPENDEX, ENVIRONMENTAL BIBLIOGRAPHY, CIVIL ENGINEER DATABASE, WATER 
RESOURCES ABSTRACTS, TRIS, and GeoRef. 

8.4.1 COMPENDEX 

1970 - Present, monthly updates (Eng ineering Information, Inc., Hoboken, New Jersey). The 
COMPENDEX database is the electronic version of the Engineering Index (Monthly/Annual) , 
which provides abstracted information from the world's significant engineering and 
technological literature. The COMPENDEX database provides worldwide coverage of 
approximately 3,500 journals and selected government reports and books. 

8.4.2 ENVIRONMENTAL BIBLIOGRAPHY 

1971 - Present, bimonthly updates (Environmental Studies Institute of the International 
Academy, Santa Barbara, California). The ENVIRONMENTAL BIBLIOGRAPHY covers the 
fields of general human ecology, atmospheric studies, energy, land resources , water 
resources, and nutrition and health. More than 400 periodicals are currently indexed in 
ENVIRONMENTAL BIBLIOGRAPHY and the database includes more than 1,000 journals . 
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CHAPTER9 

DESIGN CONSIDERATIONS FOR HIGHWAY ENCROACHMENTS 
AND RIVER CROSSINGS 

9.1 INTRODUCTION 

The objective of this chapter is to present applications of the fundamentals of hydraulics, 
hydrology, fluvial geomorphology, and river mechanics to the hydraulic and environmental 
design of river crossings and highway encroachments. The principal factors to be 
considered in design are presented , followed by a discussion of the procedures 
recommended for the evaluation, analysis and design of river crossings and encroachments. 
The design of most complex problems in river engineering can be facilitated by a qualitative 
evaluation combined with .a quantitative analysis. In most cases, the systematic approach of 
a qualitative assessment of channel response, followed by a quantitative estimate, is 
necessary for a meaningful analysis of complex river response problems. 

This chapter contains several hypothetical cases of river environments and their response to 
crossings and encroachments based upon geomorphic principles given in Chapter 5. These 
cases indicate the trend of change in river morphology for given initial conditions. The 
hypothetical cases are followed by actual case histories for river crossings in the United 
States. These histories document river response to highway crossings and encroachments 
and illustrate river response qualitatively. 

This chapter uses two types of examples (conceptual and actual examples) related to river 
crossings and highway encroachments. Applications of the basic principles developed in 
Chapters 1 through 8 are illustrated by these conceptual examples and specific case 
histories related to the subject matter of this manual . 

9.2 PRINCIPAL FACTORS TO BE CONSIDERED IN DESIGN 

Identification of the principal factors to be considered in design of river crossings and 
encroachments is useful. These factors are generally interrelated, and fundamental 
mechanisms and relationships of the governing physical processes must be clearly 
understood prior to design. 

9.2.1 Types of Rivers 

In selecting the site for a crossing or an encroachment on a river it is necessary to give 
detailed consideration and study to the type of river or rivers involved. A sandbed river may be 
meandering , it may be essentially straight, or it may be braided. In addition, a meandering 
river may be small , medium, or large. The same channel can be classified as youthful , 
mature, or old . Each of these different river types requires different design procedures. For 
example, in designing training works for large sandbed channels (braided or meandering) it is 
unlikely that Kellner jetties alone will be useful to stabilize the bank alignment (see Chapter 6) . 
It may be necessary to stabilize the banks with rock riprap and to control the overbank flows 
using jetties to achieve a set of specific purposes. Gravel and cobble bed channels are 
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normally considerably steeper than sandbed channels and in general have narrower river 
valleys. In the extreme are torrential rivers, the beds of which are comprised of large rocks. 
This type of river usually exists in a youthful or canyon type environment near the upper end of 
large river systems where the slopes are relatively steep. 

9.2.2 Location of the Crossing or Encroachment 

In selecting the site of a crossing or a longitudinal encroachment, several considerations are 
necessary. First, the crossing or encroachment must mesh with the transportation system in 
the area. Second, environmental factors must be considered. In fact, unless appropriate 
weight is given to the environmental impacts it may not be possible to obtain permission to 
proceed with the project at all. Economic considerations are equally important. Depending 
upon the characteristics of the river and the environmental considerations, the cost of a 
particular crossing or encroachment can be significantly affected by its location. The length 
of the approaches versus the length of the crossing, the cost of real estate that must be 
acquired to accomplish the crossing , the maintenance cost required to keep the crossing 
functional over its estimated life, and the method of construction are some of the specific 
aspects that should be considered in locating the crossing. The cost of protective measures 
should also be considered in locating an encroachment. 

9.2.3 River Characteristics 

The subclassifications of river form can be utilized to identify the range of conditions within 
which the particular river operates. It is necessary to determine if a river is relatively stable in 
form or is likely to be unstable. In Figure 1.3 of Chapter 1, it was pointed out that rivers can be 
essentially poised so that a small change in discharge characteristics can change a river 
from meandering to braided or vice versa. It is important to know the sensitivity of any river 
system to change. Criteria given in Chapter 5, for example Figure 5.18, or Chapter 3, Figure 
3.13, can be used to predict this sensitivity. A meandering stream whose slope and 
discharge plot close to the braided river line in Figure 5.18 may change to a braided stream 
with a small increase in discharge or slope (see also Section 5.5.3). 

In addition to river form, it is important to determine other characteristics of the channel: that 
is, the channel may have a sand bed and cohesive banks; it may be formed in cobbles or it 
may be formed in other combinations of these materials. Each of these river systems 
behaves differently depending upon the characteristics of the floodplain material, the bank 
material , and the bed material of the river both over the short term and the long term. Hence, 
a detailed survey of the characteristics of the bed and bank material coupled with river form 
plus other pertinent information are essential to design . 

9.2.4 River Geometry 

For planning a river crossing or an encroachment it is important to know the river geometry 
and its variation with discharge and time. It is essential to know the slope of the channel and, 
preferably, the energy gradient through the reach. In Chapter 5, relations were presented that 
illustrate how width and depth vary with stage at-a-section as well as along the length of a 
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channel. For most rivers , if the appropriate hydraulic and hydrologic data are available, it is 
possible to develop simple relations showing how width and depth vary with discharge. 

9.2.5 Hydrologic Data 

It is necessary to gather all of the hydrologic data pertinent to the behavior of the river and to 
the design of the river crossing or encroachment. As pointed out in Chapter 8, records of the 
flood flows are essential. From such information, flow duration curves can be developed, 
seasonal variations in the river system can be considered , and design discharge values can 
be established depending upon the discharge frequency criteria used in the design. 

Also, it is important to consider the low flows that the river channel will be subjected to and the 
possible changes in flow conditions that may be imposed on the river system as a 
consequence of water resources development in the area. Sometimes low flows may lead to 
a more severe local scour situation at bridge piers and footings. Finally, in terms of 
hydrologic data it is usually necessary to synthesize some of the required data. Conventional 
techniques may be used to fill in missing records or it may be essential to synthesize records 
where limited hydrologic data exist. In synthesizing data it is very important to compare the 
particular watershed with other watersheds having similar characteristics. With this 
information, reasonably good estimates of what can be anticipated at the site can be 
established. 

9.2.6 Hydraulic Data 

At the site of a crossing or a longitudinal encroachment, it is essential to know the discharge 
and its variation over time. Coupled with this, it is necessary to know the velocity distribution 
across the river cross-section and its variation in the river system. This involves determining 
the type of velocity distribution across the channel as well as in the vertical. Knowledge of the 
distribution of velocities should be coupled with a study of changes in position of the thalweg 
to estimate the severity of attack that may occur along the river banks and in the vicinity of the 
crossing . Furthermore, it is essential to develop stage-discharge relations since hese 
relations fix key elevations of the structure in design and serve as bench-mark data when 
considering channel protection measures that may alter the stage of the river. Large changes 
in velocity can occur in a river system with changing discharge and stage. In a sandbed river, 
as flow conditions bring about a transition from lower regime to upper regime, the average 
velocity in the cross section may actually double. From another viewpoint, changes induced 
in the river system, such as those due to artificial cutoffs or channelization , may sufficiently 
steepen the gradient so the river operates in upper regime over its whole range of discharge. 
These possibilities must be considered in the detailed design. 

9.2.7 Characteristics of the Watershed 

The water flowing in the river system and the sediment transported with the flow are usually 
intimately related to the watershed feeding the river system. Consequently, one needs to 
study the watershed considering its geology, geometry and land use. In the case of 
development, land uses include recreation , industrial development, urbanization , flood control, 
agriculture, and grazing. Similarly, one needs to consider the vegetation cover on the 
watershed and the watershed response to changes in vegetation cover by human activities or 
by climatic changes . 
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Significant changes in vegetation cover affect the amount of sediment delivered from the 
watershed to the river system. One of the most common techniques to study the sources of 
sediment in a watershed is to employ aerial photography and remote sensing techniques 
coupled with ground investigations. The utilization of remote sensing techniques enables the 
skilled observer to determine which areas of the watershed are stable and which are 
unstable. Viewing the total watershed from this perspective and using water and sediment 
routing techniques, it is possible to evaluate the sediment yield as a function of time. 

9.2.8 Flow Alignment 

In order to design a safe crossing or longitudinal encroachment, it is necessary to consider 
the flow alignment in detail. The direction of flow must be considered as a function of time. 
The position of the thalweg will vary with low, intermediate and high stages. The changing 
characteristics of the river with stage, such as the change in velocity distribution , the position 
of the thalweg, and the river form can have a significant effect on the intensity of attack on the 
approaches, the abutments, the piers and embankments. The detailed study of the behavior 
of the river over time and with varying discharge is necessary for proper design of training 
works. Two-dimensional computer modeling, or in some cases physical modeling , as 
discussed in Chapter 5 can provide the detailed hydraulic data to support design . Only with 
this type of information can one adequately consider the intensity of attack, the duration of 
attack and the necessity for training works to make the river system operate within a range of 
conditions acceptable at the crossing or encroachment. Certainly, changes over time at a 
particular crossing affect the channel geometry, the geometry of the crossing itself, general 
scour and local scour. If the characteristics of the flow and how they vary with time are 
known, then the information in Chapter 6 can be utilized to design against excessive 
contraction and local scour in order to make the highway functional with minimum 
maintenance over the life of the project. 

9.2.9 Flow on the Floodplain 

Up to this point the concern has been principally with flow in the main channel. However, 
design floods usually flow in both the main channel and on the floodplain. Only by studying 
the characteristics and geometry of the river and the floodplain can one determine the type of 
flows that are apt to occur on the floodplain . This particular topic should be studied in 
adequate detail so that the magnitude and intensity of the flows on the floodpla in can be 
approximated. The characteristics of flow on the floodplain are especially relevant to the 
design of longitudinal encroachments. As an example, consider a sinuous channel. At flood 
stage there is a tendency for the water to flow in the main channel in such a way as to 
develop chute channels across the point bars. Often, the water spills over the outside of the 
bends onto the floodplain . Flow conditions on the floodplain and in the main channel can be 
greatly different at flood stage than at low flow, and this must be taken into consideration. 
Again , :&dimensional computer modeling , as discussed in Chapter 5, can provide detailed 
hydraulic data on overbank and floodplain flows . 
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9.2.1 0 Site Selection 

Most of the factors cited in the preceding sections have a bearing on the final site selection. 
In summary, such factors as the form of the river, the alignment of the river, variations of the 
river form over time, the type of bed and bank material, the hydrologic and hydraulic 
characteristics of the river, and past, present and future watershed conditions are all 
important inputs to the site selection . In addition, it is necessary to consider the requirements 
of the area to be served and the economic and environmental factors that relate to the 
crossing. Having made a detailed study of possible alternate sites, and having determined 
the best site considering these important factors, one can then proceed with the 
determination of the geometry and length of the approaches to the crossing, the type and 
location of the abutments, the number and location of the piers, and the depth of structural 
support for the piers to insure against danger from local scour. The location of the 
longitudinal encroachment in the floodplain, the amount of allowable longitudinal 
encroachment into the main channel , and the requirement for river training works all need to 
be considered . 

9.2.11 Channel Stability Investigations 

In conjunction with the background information discussed in the preceding paragraphs, it is 
essential to determine the need for bank stabilization. The location, selection, and design of 
various types of river training works must be considered. The selection of training works is 
significantly affected by the characteristics of the river and the river system itself. The 
magnitude of local scour at the training structure must be considered. The possible 
necessity of holding the river in a selected alignment must also be adequately explored. With 
regard to these particular issues, the principles of Chapter 6 can be applied to develop 
suitable designs for stabilizing the approaches and banks of the main channel , and the design 
of training works that assist in controll ing the alignment of the river relative to the crossing or 
longitudinal encroachment. Hydraulic Engineering Circular (HEC) No. 23 (Lagasse et al. 
2001) also provides experience, selection, and design guidance for a variety of river training 
works and their applicability under a range of characteristics of the river environment. 

9.2.12 Short-Term Response 

Having completed the tentative design of the crossing or the encroachment based on river 
form, channel geometry, hydrologic and hydraulic data; it is essential to consider the short
term response of the river system to construction. Similarly, existing or proposed 
developments up- and downstream of the site and at the site itself should also be considered. 
The techniques that may be utilized to investigate the short-term response at the site or in 

the vicinity of the crossing or encroachment involve the utilization of qualitative geomorphic 
relationships followed by the application of more sophisticated analyses using the principles 
presented in the chapters on open channel flow, sediment transport and river mechanics. As 
discussed in Chapter 5, it is possible to establish a mathematical model designed to route 
both water and sediment through the system. If this model is appropriately designed and 
utilized, it is possible to evaluate the response of the river system to both the construction of 
the crossing or encroachment and to other river development projects in the immediate area. 
For example, it may be important to establish the pattern of clear-water releases from a dam 
upstream of a crossing . Knowing the type of flow the channel would be subjected to and that 
the water being released is clear, one can make an estimate of the extent of degradation in 
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the channel, the amount of sediment derived from the bed and bank, the instability of the 
banks and even the types of lateral shifting that may be induced in the river system as it 
affects the crossing or encroachment. 

9.2.13 Long-Term Response 

The long-term river response at a crossing or a longitudinal encroachment and in the river 
system itself should be considered based on all river development projects including the 
highway. This type of treatment is, in general , beyond the scope of this particular manual. 
Nevertheless, significant advances have been made pertaining to the mathematical modeling 
of river systems, considering both their short and long-term response. Mathematical 
modeling can be time consuming and expensive, requiring a substantial amount of additional 
data for calibration of the model. However, this approach is worth considering on important 
projects where determining long-term response may be critical to project success (see 
Section 5.6). 

9.3 PROCEDURE FOR EVALUATION AND DESIGN OF RIVER CROSSINGS AND 
ENCROACHMENTS 

This section presents a summary of a general procedure to evaluate and design river 
crossings and encroachments. Due to the multi-disciplined complexity of these problems, it 
is difficult to develop a procedure which is applicable to all situations that may be 
encountered . A generalized approach can be described; however, modification to this 
procedure must be made to tailor the procedure to an individual project. 

9.3.1 Approach to River Engineering Projects 

The evaluation and design of river crossings should proceed from a broad evaluation of the 
characteristics of the river and the principles to be considered in design (described in Section 
9.2) to detailed computations and analysis. The evaluation should begin with a qualitative 
assessment of the river. As the analysis progresses, the analysis becomes more and more 
detailed and subsequently more quantitative. At all stages of the investigation and design, 
qualitative evaluation is important to determine, if possible, the interrelationship of all aspects 
of the project. 

The three-level procedure outlined in HEC-20 (Lagasse et al. 2001) and illustrated in Figure 
9.1 is the recommended approach for evaluating projects in the river environment. The 
method begins with broad considerations and proceeds through a series of steps of 
increasing complexity to narrow down to the finer points of the project. Additionally, this 
approach provides for back checking or "feedback" loops to insure that the interdependence 
of all the variables is continually adjusted (see HEC-20, Chapters 1 and 3) (see also Figure 
7.1 ). 

In Level 1, the analysis consists of: (1) identifying the goals of the project; (2) developing 
several options to achieve those goals; (3) determining the problems and possible solutions 
to problems associated with each option ; and (4) performing a qualitative assessment of all 
aspects of the project. 
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Level 1 

Simple Geomorphic Concepts and 
Qualitative Analysis 

Level2 

Advanced Geomorphic Concepts and 
Quantitative Engineering Analysis 

Level 3 

Mathematical or Physical 
Model Studies 

Figure 9.1. Three-level analysis procedure for river engineering studies. 

A Level 2 analysis involves a more detailed qualitative analysis combined with a quantitative 
evaluation. Computation of water surface profiles using 1-dimensional computer models can 
be included in this level of analysis. In many casas, the evaluation and analysis can be 
considered adequate at this level if the goals are met, the interrelationship between different 
aspects of the project and river system are adequately explained and all of the problems 
resolved . 

A Level 3 analysis involves mathematical or physical modeling of water and sediment. These 
procedures are not always necessary. Water can be modeled using a steady or unsteady 
flow rigid boundary flow model. In some cases, a movable boundary flow model can be 
employed, routing both water and sediment through the study reach. Sediment routing 
models will require a substantial historic data set and analysis time to calibrate and verify the 
model. Experienced modelers should be employed if sediment routing is to be performed. 

9.3.2 Project Initiation 

The success of a project can be dramatically influenced by careful planning in the initial 
stages of the project. The following guidelines will help insure the success of the project. 
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Develop a PrQject Concept. When the project is conceived the goals of the project should be 
carefully defined and several options to meet these goals identified. The factors discussed in 
Section 9.2. should be considered when identifying design options. These options will be 
refined as the project progresses, eventually focusing on one or two options. 

Assemble Available Data. All available data should be compiled and checked. The data 
checklist presented in Chapter 8 should be used as a guide. Data which is unavailable or has 
periods of missing data should also be listed on the checklist. Missing data can be ranked 
according to need (i .e., essential , nonessential and optional) . Field programs designed to 
collect the essential data could be implemented at this time, however it is recommended that 
a field reconnaissance and evaluation be completed prior to implementing field programs. 
The field reconnaissance will provide a clearer definition of the project and will influence the 
types and quantity of additional data requirements. 

Conduct a Field Reconnaissance. An initial field reconnaissance should be performed by a 
small group of technical personnel. It is advisable that the group be multi-disciplined so that 
geologic, geomorphic, hydrologic, hydraulic, alignment and highway constraints can be 
identified. They should define the problems for each option and identify possible solutions to 
each problem. Options which are least feasible should be eliminated . Detailed procedures 
and check lists for a field reconnaissance that considers most geomorphic factors important 
to river engineering analyses are provided in HEC-20 (Lagasse et al. 2001). The field 
reconnaissance team should identify the most favorable options, recommend the types of 
analyses which will be needed, and design field programs to collect specific data which will 
be required by the analysis . 

Collect Additional Field Data. Field programs should be designed to collect only data that will 
be required to analyze and design the project. The field reconnaissance discussed previously 
is an important tool for the design and implementation of efficient field programs. By 
designing and implementing field programs after the field reconnaissance, the collection of 
unnecessary data can be avoided, providing more time and funding for collection of essential 
data. 

It is also advisable that the field crews be supervised in the field by personnel who will be 
directly involved in the analysis and design. These personnel should be completely familiar 
with the types of data and the methods used to collect the data, providing an interface 
between the field and the analysis in the office. In this way, the field work, analysis, and 
design can be closely coordinated. 

9.4 CONCEPTUAL EXAMPLES OF RIVER ENCROACHMENTS 

This section discusses conceptual examples of river response to highway encroachments. 
Sixteen hypothetical cases are tabulated in Table 9.1. Each individual case is identified in the 
first column to show the physical situation that exists prior to the construction of the highway 
crossing. In the following three columns some of the major effects (local, upstream, and 
downstream) resulting from construction of a particular crossing are given. Only the gross 
local, upstream and downstream effects are identified in this table. In an actual design 
situation, it is worthwhile first of all to consider the gross effects as listed in Table 9.1 (Level 1 
analysis) . 
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3. Channel Geometry 

3.1 General 
Channel geometry is a common input for all hydraulic models. The necessary level of accuracy 
depends on the purposes of a particular study. In addition, special considerations must be taken 
with 1-D models to obtain satisfactory results when simulating processes occurring in a 4-
dimensional world (3-D plus time). 

3 .2 Mapping Requirements for Hydraulic Modeling and Floodplain Delineation 

Mapping in this Standard refers to the gathering of topographic information for an area of 
interest. The goal of mapping activities, as related to 1-D hydraulic modeling, is to obtain 
topographic information in sufficient detail such that the resulting discrete cross sections will 
reflect the geometric surface characteristics of the watercourse (i .e., what the water "sees"). The 
level of topographic detail needed for a particular study will be related to the type of terrain 
being modeled, and the level of detail needed in the results. 

Cross sections are usually obtained in one of two ways: either by direct field surveys, or by 
"cutting" from contour maps (either on paper or in electronic format) . Regardless of which 
method is used, the guidance given in Section 3.3 for locating cross sections should be 
employed. Direct surveys tied into accepted benchmarks yield very accurate results, but can 
become economically unfeasible when very long reaches of watercourse or very wide 
floodplains are being modeled. Photogrammetric mapping methods are commonly used in these 
cases. Because photogrammetric methods will not identify any submerged channel geometry, 
the data must often be supplemented with hydrographic survey data. In Arizona, however, many 
watercourses are dry for most of the year, which eliminates this problem. 

For wide floodplains, direct field surveys may be less accurate than photogrammetric methods 
because correct cross section orientation within wide braided overbank areas cannot be 
ascertained as well in the field. An advantage to photogrammetric methods is the ability to "cut" 
new cross sections or re-orient them (as needed for hydraulic modeling considerations) without 
having to conduct a new field survey. Industry standard photogrammetry controls need to be 
applied to achieve sufficient accuracy for a chosen contour interval. Note: In this regard, keep 
in mind that topographic mapping obtained using photogrammetric methods is generally only 
accurate to within ± Yz of a contour interval. 

3.2.1 Flood Insurance Studies 

For flooding sources to be studied in detail, FEMA normally requires a 4-foot contour mapping 
(FEMA, 1995). However, field surveys may be used in place of or in addition to the topographic 
mapping. Vertical error tolerance for field surveys must be within ±0.5 foot across the 100-year 
floodplain (FEMA, 1995). FEMA has also produced guidelines for photogrammetric mapping 
and surveying, which may be found in FEMA Publication No. 37 (FEMA, 1995). Many 
agencies maintain more stringent mapping requirements than FEMA. For example, the Flood 
Control District of Maricopa County requires 2-foot contours for floodplain maps (FCDMC, 
2000). Therefore, the modeler should be aware of local agency requirements before any 
information is gathered . 
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For approximate floodplain studies, "all cross sections should be obtained from ex1stmg 
topographic maps" (FEMA, 1995). In many cases, the only available maps are the U.S . 
Geologic Survey topographic maps that often have contour intervals of 10 feet or more. 
Occasionally, local or state agencies may possess more detailed mapping information. 

3 .3 Cross Sections 

Cross sections are the "backbone" of most hydraulic models. This section elaborates on the 
location, alignment, modification and interpolation of cross sections. 

3.3.1 Location, Alignment, Configuration, and Spacing 

Flowlines/streamlines should be sketched for the modeled watercourse reach for bankfull and 
flood discharges (or largest event to be analyzed). This can be accomplished by drawing on 
mylar or other transparent film overlain on physical maps of the study reach, or by drawing on 
electronic maps. If there are radical changes in flow area and direction between these two 
discharges, you may want to add an intermediate discharge. The flowlines should reflect 
expected contraction (nominally a 1 to 1 ratio) and expansion ratios ( 4 or 3 to 1 as a general 
rule) . 

Cross sections should be aligned such that they are perpendicular to the flowlines over their 
entire length (see Figure 3.1). If a series of discharges is to be modeled, cross sections will need 
to account for the changes in the flowlines. For significant changes in flow patterns, separate 
geometries may need to be created for the different discharges. The modeler must identify those 
areas that contain obstructions to the flow. If these obstructions cover a significant portion of the 
projected flow area (length perpendicular to the flowlines), cross sections must be inserted at 
frequent enough intervals at these locations to account for the effects of such obstructions. 

Note: Cross sections should be placed in the influence zones upstream and downstream ofthese 
obstructions similar to cross sections 1 and 4 when modeling bridges (addressed in Chapter 5 and 
shown in Figure 5.1 ). Cross sections should be located, again, using the 1 to 1 contraction ratio 
and 4 or 3 to 1 expansion ratio as rules of thumb. Care should be taken to apply appropriate 
contraction and expansion coefficients at these locations. Additional guidance for the ratios and 
coefficients based on field and 2-D model data for bridges (USACE, 1995) is presented in 
Chapter 5. 

Sometimes one is presented with cross sections obtained by others that are not aligned 
perpendicular to the expected flow lines. If the overall cross section is skewed more than 18 
degrees from the perpendicular of the flow line, either the cross section needs to be resurveyed or 
reduced by an appropriate multiplier to obtain the projected flow area of the cross section. 

Each cross section in a model is assumed to be representative of the geometry half way to the 
next cross section in both upstream and downstream directions. Cross sections should therefore 
be located at places such that they fully describe each segment of the reach geometry. Items to 
consider are changes in channel geometry, discharge, slope, roughness, and distance between 
cross sections for computational stability. Because changes occur closer together in smaller 
streams when compared to larger rivers, cross sections will need to be more closely spaced . 
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Figure 3.1. Streamlines and Cross Section Locations 
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An example of the proper use of representative cross section locations is a road that crosses the 
floodplain along the orientation of the cross section (with an associated Manning' s "n" of 0.02) . 
If there were adjacent natural cross sections (with appropriate "n" values) 500 feet upstream and 
downstream, the hydraulic model would simulate a 500-foot wide road since the "n" value of the 
cross section containing the road is assumed to have an influence half way to the upstream and 
downstream bounding cross sections. 

The proper way to model such a situation is to bound the road with cross sections. Natural cross 
sections should be placed a nominal distance (e.g., one foot) upstream and downstream of the 
road (cross sections 1 and 4 in Figure 3 .2) such that energy losses in the reaches approaching and 
leaving the road are correctly modeled. Two additional cross sections should be placed on the 
edge of the road (cross sections 2 and 3 in Figure 3.2) such that energy losses in the short reach 
over the road are correctly simulated. Cross sections 1 and 4 are the natural sections (e.g. , 
appropriate natural "n" value), while cross sections 2 and 3 would have the roughness values of 
the roadway, 0.02. 

Flow Direction 

1 

Figure 3.2. Proper Use of Representative Cross Sections 

An alternate method to model this situation would be to locate a single cross section in the 
middle of the road (with the appropriate roughness), one natural section a road width upstream, 
and an additional cross section one road width downstream. Because the "n" value associated 
with the road has an influence ofhalfway to each bounding cross section, the total effective road 
width will be equal to the actual width. Whichever method is chosen, the modeler should not 
forget to make the appropriate adjustments to the reach lengths due to the addition of new cross 
sections. 
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When the modeler is asked to evaluate the impact of a project, a comparison of the pre- and post
project conditions is required. The project features often require adding cross sections to 
adequately model the project conditions. For instance, adding a bridge in HEC-RAS (discussed 
in detail later) requires the addition of six cross sections to fully model bridge hydraulics. These 
include the four cross sections input by the user and the actual bridge geometry at the 
downstream and upstream faces. For proper comparison of pre- and post-project conditions, the 
same number of cross sections must be in both models. The cross sections in the proposed 
conditions model must be added to the pre-project model ; however, these cross sections should 
not contain any ofthe bridge features or influences of the bridge. 

3.3 .3 Subdivision and Channel Bank Locations 

Many models require the location of bank stations that separate the main channel area from the 
overbank or floodplain areas of the cross section. Sometimes it is hard to delineate the channel 
from the overbanks. A good rule of thumb is to partition the cross section into areas of similar 
"n" values and then determine the channel and overbank limits. ote: For alluvial channels, the 
channel limits tend to be at the same elevation since the water that the vegetation (with resulting 
roughness) uses to grow is also at the same elevation across the watercourse. This requires a 
field visit. 

A secondary consideration is to locate the bank limits where there are obvious breaks in the 
geometry (e.g., change in bank slope). The location of the bank stations can have an impact on 
the development of a floodway, as explained later in this document. 

Some programs (e.g., HEC-RAS and HEC-2) allow the user to specify breaks in roughness 
values at locations other than the bank stations. If significant areas have differing roughness (say 
over 10% of the flow area), subdivide the over banks and vary "n" by distance across the cross 
section. Doing this is particularly important if more than one discharge is to be simulated and 
the roughness changes as the floodplain increases in elevation going away from the channel. 

One of the main reasons for subdivision is to separate areas of the cross section where flow is 
more or less uniform (e.g., main channel flow versus floodplain flow) . One recommendation by 
the U.S. Geological Survey (Davidian, 1984; Thomsen and Hjalmarson, 1991) is to subdivide a 
cross section with water in both the main channel and the floodplain when the depth of water in 
the floodplain is greater than half of the maximum depth measured in the main channel. 

In any case, the criteria used for subdivision of cross sections should be consistent for the entire 
reach being modeled. Abrupt changes in channel size and/or shape from one cross section to the 
next will often result in warnings from the model (e.g., the common HEC-RAS warning "The 
conveyance ratio (upstream conveyance divided by downstream conveyance) is less than 0.7 or 
greater than 1.4"). 

3.3.4 Reach Lengths 

For any subsection, such as the channel or overbanks, the representative reach length between 
adjacent cross sections should be along the flow line that intersects the center of mass of the 
water in the subsection of the two cross sections. For in-bank flows, the channel distance will 
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most likely be that measured along the thalweg. Reach lengths for both channel and overbanks 
are often shorter for larger flow events as the water tends to take a straighter flow path. 

If necessary, do not hesitate to change reach lengths for different discharges. This can be done in 
HEC-RAS by creating a Plan with certain reach lengths for a low flow range and another Plan 
with adjusted reach lengths for a high flow range. 

3.3.5 Encroachments, Blocked and Ineffective Flow Areas 

One of the most important elements to consider in 1-D modeling is identification of ineffective 
flow areas. These are areas of the channel or floodplain that may be inundated during a flood 
event but do not convey water in the downstream direction. 

One example of an ineffective flow area is the zone next to an embanlanent at a bridge crossing. 
Although the water through the bridge opening is being conveyed downstream, the water 
immediately upstream or downstream of the bridge approach road is often either stagnant or 
recirculating in an eddy. Inspection of the flowlines will help in determining ineffective flow 
areas. In general, if the closest flowline to the boundary starts to significantly depart from the 
actual boundary, the area between that flowline and the boundary may be ineffective. Figure 3.3 
shows an example of how to locate cross sections and use blocked and ineffective flow areas 
using HEC-RAS for structures in the floodplain . The "rule ofthumb" contraction and expansion 
ratios have been used in this figure. Computed ratios based upon a U.S. Army Corps of 
Engineers study of flow near bridges (USACE, 1985, 2001) could also have been used . 

3.3.5.1 Levees 

The modeler will need to check if natural or artificial levees are truly tied to high ground. This is 
important because it helps to determine the proper modeling technique. Some programs, such as 
HEC-RAS, have special routines to model levees. These routines will prevent water from 
entering the area behind a levee as long as the computed water surface remains lower than the 
defined levee elevation. Only if the levee is overtopped will the model be allowed to include the 
flow area behind the levee. If the model is part of a Flood Insurance Study, the modeler should 
look into the specific requirements that FEMA has for levee analyses as they relate to the 
National Flood Insurance Program. 

If there are instances of levee overtopping, the modeler must check for consistency of flow 
conditions in the overtopped region. For instance, if the model shows that the upstream 
overbank area has flow in it because the levee was overtopped, the same overbank area of the 
cross section immediately downstream should also be flowing. If there is a ridge or road on that 
overbank between the cross sections that forces the flow back into the stream, that feature should 
have been modeled using additional cross sections. 

3.3.5.2 Structures 

Structures that affect the flow and water surface profile include bridges, culverts, weirs, and 
others . It is extremely important to correctly place cross sections and model ineffective flow 
areas in the vicinity of structures. Modeling of structures is described in Chapter 6 of this 
Standard . 
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Figure 3.3. Modeling Structures on a Floodplain 

3.3.6 Interpolation of Cross Sections 

Many 1-D modeling programs possess the ability to add interpolated cross sections to the model 
geometry. This feature can often aid in the convergence to a solution. However, this capability 
needs to be used with caution. If the modeler finds that additional cross sections are necessary to 
aid in convergence, the best solution is to obtain these cross sections from survey information, 
using the interpolated cross section result as a guide to the location and number of cross sections 
needed. 

In cases where the additional data is not available or where the accuracy of the data may not 
justify obtaining new cross sections, the interpolation feature may be useful. Also, the 
interpolation feature may be used as a "first cut" to see if adding additional cross sections will 
result in better model performance. If this is found to be the case, additional cross sections based 
on survey data should then be added for the final design. 

3.3.7 Cross Section Location at Tributaries 

Treatment of cross sections at tributary locations will depend on whether or not the tributary is 
being modeled. If the tributary is not being modeled, cross sections should still be located near 
the confluence such that water surface elevations are computed at that point. For floodplain 
studies, it is customary to extend the main stem water surface at the confluence up the tributary 
using a level pool assumption. Care must be given to accurately capture the effective flow areas 
on the main watercourse at and near the confluence. Also, cross sections should not be 
arbitrarily oriented in order to contain flows within the channel geometry, as this violates the 
one-dimensional model energy assumption. 

If the tributary (or distributary) watercourse is being modeled, then cross sections should be 
placed as near as possible to the junction, but in such a way that the cross section lines do not 
cross (Figure 3.4). The reach lengths between the downstream-most cross section of the upper 
reach and the upstream-most cross section of the downstream reach must be along the path of a 
flow line between the cross sections. That flow line should be the one that intersects the water 's 
center of mass of the adjacent cross sections . 
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Section 1 

Introduction 

Section 1 - Introduction 

This chapter discusses general hydraulic data collection needs, data location, analysis, 
evaluation, and documentation. 

The importance and extent of the project and facility determine the amount of effort needed 
for data collection and evaluation. A comprehensive, accurate, and economical highway 
drainage design requires reliable data for its success. Failure to base a design on adequate 
and appropriate data can lead to economic loss and interruption of the roadway function (see 
Figure 4-1 ) . 

Figure 4-1. Roadway Base Failure 

A systematic data collection program generally leads to a more orderly and effective 
analysis or design. The following table outlines the data collection process: 

1. Identify data types: drainage area characteristics, land use, stream course data, facility 
site data, streamflow data, and climatological data. 

2. Determine data sources: site investigation data and resource agencies. 

3. Evaluate data . 
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Section 2 

Site Investigation Data 

Introduction 

TxDOT policy requires a hydrologic and hydraulic analysis for projects that involve: 

+ new locations 

+ replacing facilities 

+ widening existing locations 

Drainage Area Characteristics 

Refer to linked "File 3a" for a Documentation Checklist for Hydraulic Design Project 
References based on the following paragraphs. 

Size. Drainage area size is usually important for estimating runoff characteristics. Determine 
the size of the drainage by one of the following methods: 

+ Conduct direct field surveys with conventional surveying instruments. 

+ Use topographic maps together with field checks for artificial barriers such as terraces 
and ponds. (USGS topographic maps are available for many areas of the state through 
retail outlets for maps and surveying supplies . Many municipal and county entities as 
well as some developers have developed topographic maps of their own. Determine the 
suitability and usefulness of all these maps.) 

+ Use any other available resources. 

Topography. Estimate relief and slope characteristics of the watershed by one or more of the 
methods listed above for drainage area sizes. Most hydrologic procedures used by TxDOT 
depend on watershed slopes and other physical characteristics. 

Soil Type. Watershed soil type(s) and associated characteristics correlate with infiltration, 
interception, depression storage, and detention storage. Use Natural Resources Conservation 
Service publications, including maps, reports, and work plans, to identify and quantify soil 
parameters in the watershed. See U.S. Department of Agriculture for contact information. 

Vegetation. Present and future vegetation characteristics influence the amount and rate of 
watershed runoff as well as the streamflow patterns expected in and around the drainage 
facility. Look at surveys or obtain data from a site visit. 
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Land Use 

Section 2- Site Investigation Data 

There are several forms of land use data and many sources from which to obtain them. 

Development Prediction Source. Ordinarily, the drainage facility design includes a 
reasonable anticipation of service life. Because the facility must accommodate potential 
flows during that service life, consider possible future development of the watershed. 
Predicting future development of a watershed is difficult. However, you can estimate future 
development by interviewing landowners, developers, officials, planners, local and regional 
planning organizations, realtors, and local residents. 

Watershed Characteristic Sources. Look at master plans for development from city 
planning departments. Land use data are available in different forms, including topographic 
maps, aerial photographs, zoning maps, satellite images, and geographic information 
systems. Municipalities have records and maps of storm drain systems and channel 
improvements. 

Stream Course Data 

Streams are classified as follows: 

+ rural, urban, or a mix 

+ unimproved to improved 

+ narrow to wide-wooded 

+ rapid flow to sluggish 

Profile. Extend the stream profile sufficiently upstream and downstream of the facility to 
determine the average slope and to encompass any channel changes or aberrations. USGS 
recommends a minimum distance of 500 ft. (150m) both upstream and downstream for a 
total of 1000 ft . (300 m) or a distance equal to twice the width of the floodplain, whichever 
is greater. Topographic maps published by USGS are useful in determining overall channel 
slopes. 

Channel Location. Note the location of the main channel and any subchannels, creeks, and 
sloughs within the profile section. 

Cross Sections. Cross sections must represent the stream geometry and contain the highest 
expected water-surface elevation to be considered. For hydraulic computations, use cross 
sections that are perpendicular or normal to the anticipated direction of flow. In some 
instances, particularly in wide floodplains where a single straight line across is not adequate, 
break the cross section into segments for a dogleg effect as shown in Figure 4-2. Adjacent 
cross sections should not cross each other. 
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Figure 4-2. Dog-legged Cross Section 

The minimum number of cross sections is four, located as follows : 

+ At the beginning of the profile stretch 

+ At the downstream face of the structure (or where the downstream face will be) 

+ At the upstream face of the structure (or where the upstream face will be) 

• At the end of the profile stretch 

Additional cross sections are necessary at each change in roughness, slope, shape, or 
floodplain width. Take enough cross sections to analyze fully the stream flow. 

Do not leave the choice of the typical cross section entirely to the field survey party. 
Carefully consider the location and orientation of the cross section used in the channel 
analysis without regard to surveyor convenience or expedience. 

Locate sections as follows: 

+ Sections along the right-of-way line can be misleading hydraulically because they may 
represent only local, cleared conditions that do not reflect the stream reach. For similar 
reasons, avoid cross sections along utility easements and other narrow cleared areas . 

+ A void local depressions or crests that are not typical of a whole stream reach. 

+ Generally try to space sections about 1.5 to 2 times the approximate floodplain width. A 
notable exception to this is at structures where more definition is needed. 

Roughness Characteristics. The Manning's equation for uniform flow is the most 
commonly used conveyance relation in highway drainage design . Note and record the 
physical details of the streambed and floodplain; you will use them later to determine the 
Manning's roughness coefficients (n values). Details include vegetation type and density, 
material (rock type, clay soil, gravel), trash, streambed shape, cross section geometry, and 
any item that may affect streamflow during normal and flood conditions . 
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Flow Controls. Note anything upstream and downstream within the profile section, 
including the following: 

+ Any downstream confluences 

+ Significant choking sections 

+ Bridges and low water crossings 

+ Abrupt meanders 

+ Heavily vegetated areas 

+ Material borrow pits in the floodplain 

Include all observations about size, type, location, and flow over or through. Bridge data 
should include span lengths and types and dimensions of piers. 

Reservoirs. ote any reservoirs and ponds along with their spillway elevations and 
operations or other control operations. Dams with hydroelectric generators may raise water 
levels significantly during generator operations. 

The following organizations may have complete reports concerning the operation, capacity, 
and design of proposed or existing conservation and flood-control reservoirs: 

+ Natural Resources Conservation Service (NRCS) 

+ Corps of Engineers (USACE) 

+ Bureau of Reclamation 

+ Texas Natural Resource Conservation Commission (TNRCC) 

+ Municipalities 

Flood Stages. Obtain information on historic flood stages from TxDOT personnel, city and 
county officials, and local residents. If possible, observe the structure under flood conditions 
to learn about the stream behavior. When possible, take videos and photographs of the flood 
action at or near the structure for use in future studies. Determine the direction of stream 
lines with relation to the low flow channel, estimated velocity, estimated drifting material 
(amount and size), natural tendency for erosion in the channel, the drop in water surface 
elevation from the upstream side to the downstream side of the structure, and the highest 
stage with the date of occurrence. 

Geotechnical Information 

Soil Properties. A geotechnical report provides information about the soils in the area and 
soils used on highway projects . The detail of such reports can vary greatly but usually will 
include the following: 

+ Soil type, soil density (blow count), and depth for each soil type 

+ Soil properties such as acidity/alkalinity, resistivity, and other significant constituents 
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+ Presence, depth, and type ofbedrock 

+ Sieve analyses (Dso and D9o values) 

Scour Observations. Note the presence of scour around pilings and abutments . Record size, 
depth, and location of each scour hole. Also record any deposition of material including type 
(rock, gravel, dirt, etc.), location, and depth. 

Stream Stability. Erosion problems may occur in a stream system even without the presence 
of a bridge. Record the following data: 

+ Any occurrence or possibility of streambed degradation (head cutting). Head cutting 
may be caused by dredging or mining downstream or channel modifications such as 
straightening. 

+ Signs of bank slippage and erosion such as buildings located closer to the bank than 
seem reasonable, trees growing at odd angles from the bank, exposed tree roots, and 
trees with trunks curved near the ground. 

+ The location and likely direction oflateral migration (meanders). 

For more information, see the discussion on stream stability in Chapter 7. 

Adjacent Properties 

Note the location of any driveways, utilities, and structures adjacent to the project site that 
will be affected by construction. ote the elevations of any improvements or insurable 
structures near the proposed site that may be affected by a rise in water surface elevations up 
through and including the 1 00-year event. 
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Section 3 

Other Data Sources 

Highway Stream Crossing Design Data Sources 

Use a combination of the following sources to obtain data in the design of highway stream 
crossings, including the following: 

+ site investigations and field surveys 

+ files of federal agencies such as the National Weather Service , USGS (U.S. Geological 
Surve.y), and NRCS. (Note: NRCS was formerly the Soil Conservation Service.) 

+ files of state and local agencies such as TxDOT files , Texas water agencies, and various 
regional and municipal planning organizations 

+ other published reports and documents 

+ the Texas Natural Resource Information System (TNRIS) 

Compile streamflow, land use, and other required data from the sources mentioned above. 
For a list of appropriate agency addresses, see References. 

Streamflow Data 

The primary source of streamflow information in Texas is USGS, the agency charged with 
collecting and disseminating this data. USGS collects data at stream-gauging stations 
statewide. 

The USGS Internet site provides direct access to stream gauge data. 

The Corps of Engineers (USACE) and the Bureau of Reclamation also collect streamflow 
data. Other sources of data include local utility companies, water-intensive industries, and 
academic or research institutions. 

The International Boundary and Water Commission collects and compiles streamflow data 
along the Rio Grande and some tributaries. 

Climatological Data 

The National Weather Service (NWS) has a wealth of climatological data, specifically 
rainfall data. NWS issues periodic reports to the public and agencies such as TxDOT. NWS 
also publishes reports concerning reduced data that the designer can use as analytical tools . 
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Section 4 

Data Evaluation and Documentation 

Data Evaluation Procedure 

Experience, knowledge, and judgment are important parts of data evaluation. After 
collecting data, use the following data evaluation procedure: 

1. Compile and evaluate data into a usable format. Compile all collected information into a 
comprehensive and accurate representation of the hydrologic, hydraulic, and physical 
characteristics of a particular site. 

2. Determine if the data contain inconsistencies or other unexplained anomalies that might 
lead to erroneous calculations, assumptions, or conclusions. 

3. Separate reliable data from unreliable data. 

4. Combine historical data with data obtained from measurements. 

5. Evaluate data for consistency, and identify any changes from established patterns. 

6. Review previous studies, old plans, or prior documentation for data types and sources, 
information on how the data were used, and indications of accuracy and reliability. 

7. Carefully evaluate unpublished data for accuracy and reliability . 

Review this historical data to determine whether significant changes occurred in the 
watershed and for usefulness of the data. TxDOT considers valid and accurate any data 
acquired from publications by established sources, such as the USGS. 

Use the procedure to compare data for inconsistencies: 

1. Evaluate basic data, such as streamflow data derived from non-published sources. 

2. Summarize this data before use. 

3. Compare the following data with each other and with the results of the field survey to 
resolve any inconsistencies: maps, aerial photographs, satellite images, videotapes, and 
land use studies. 

Consult general references to help define the hydrologic character of the site or region under 
study and aid in the analysis and evaluation of data. 

Data Documentation Items 

Begin documenting obtained data as soon as you collect it. In design/analysis 
documentation, include types and identified sources, actual data items, evaluations, 
assumptions, and conclusions concerning the data . 
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Other Considerations for Drainage Facilities 

Section 4- Data Evaluation and 
Documentation 

Consider collecting descriptive data to address the following: 

• coordination with other agencies 

• compliance with TxDOT policy and administrative guidelines 

• consideration of local ordinances and preferences 

• careful coordination with affected property owners 

Gain a thorough understanding of local, state, and federal requirements regarding the design 
of roadway drainage facilities . 
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"" - -"' t' ,. • I : J' ~ • '( ' J,l - !'" J"' •.'' ' 

.... s~dimentsupp_ly . ·. ·. "., · ·.··. ,J'-. ·. -- -·. -:: ~'·~--··.· ." · 
I " ~ ,• /' I' ''• • " 

. ·Aerial photographs record much ·more ground det~il-t_tian· maps arid are. frequently· .. 
· __ available at five-year intervals.'Th.is permits measun;iment of the rate:of progress of > 

bend migration and ·other stream changes that cannot be measured from maps made 
_less frequently:_A high~~y agency should·perioqically obtain aer_i al photo_graphs of 

. _: acti~ely unsta t;>Je' str~ams that Jhr'eatE?n highway facili~ies , incltJ9ing ir:nmediately,_after 
-. major floods. However,-aerial p~otographs taken after the passage of an lee jam or 

- . ·. · ·imrne·diately after a majo( flood must be interpreted with care a·nd may provide -. 
"T m isleading infor0 ation regarding the: rate of change. : ~ 

. . ·. . ,.. 
Notes an9 photographs from field inspections are importa~t to ·gaining an _ 
lJnd~rstanding of, stream stability pro_blems, pq.rtic,ularly local stabiJity. Fie_ld inspections 

,: should be made 'duritlg high- and low-flow periods td rrecord the-locatiqn of bank . 
_ . ·• .. c(Jtting or_slum'ping and d~position. in the (;han riel. Floy./ dicections shol,JISJ ti e sketch.ed , 

• '· 'signs of aggradation·'or degradation noted, pro-perties~ of bed and bank materials . . 
estimated or mea_surep , arid the . locati ~:ms and implicatjons of impacting-activities ~- -
recorded . - . . I • • 

·~ ·. · - lfhistori~ stream ~profile ~ata are clV?.ilabre, it Will ~.>f-oyide ~information ,on ~hannel :. • , . 
:r- stability ~ StagEi,trends at strearh gaging stations and .comparisons of _,streambed . 

~· ~ elevations with -elevations before construction af structures will provide information on 
·changes in streallJ profile. As-built ~ridge data and cross sectbns -are frequently 
useful. Structure-induced scour-should be taken ·into 'consideration where such 

. comparisons-are made. -~ 

- - ,.. 
Man:s activities in a watershed.' are fr~quently ·tbe ·cau.se of stre~m instability. .1' ~ 

. . 

·, Information on urbanization , lan.d .clearing , snagging -in_stream cpannels; . , 
· . · ·. ·channelization , bend cutoffs , strea·mbed ·mining, dam·constructio[l , "reserVoir ~. ·-· · 

operations, navigation projects, and other activities; either existin'g .or~planned , are 
. 'necessary to evaluate' the impact on stceam stability~ . . . -. 

• 

Data on changes in morphology are important because c;;hang.e•in. a stream is 'rarely at .-
, a constant rate . Stream ·instability_can often be·assoCiate·d with ·an everit,.'.such as an'- · 
· extreme, flood or a particular activity in the watershed or stream 'c[lannel. _I f association · _ 
is possible, the rate of change can be more accurately assessed . · 

Similarly, inform'ation on changes in· hydrology or hydraulics can sometimes be 
associated with activities that caused the change. Where changes in stream 

· · hydraulics are 'associate_d with an activity, changes in stream morphology are also · 
"': likely to have o'ccurred. . '. . 'J.': ; . . "·. ,· - /~ 

. . , "' ~ . 
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Data requiremet:~ts ' for_ basic hydrologic, hydraulic and ~ediment tra·risp91i engineering _ 

• 
.- analysis are aependent the types . of ana fysis that must be completed. Hydrologic data 

needs include dominant dischc;irge (or bankfull flow), flow durati~:m curves, ·and flow .. 
. _.: f~equency curves. Di~cus~ion of tiyd~ologic methods is beyond_.the sc_ope of this . : ·. . > .. : 

, manLial ;'"how~e.ver, information can be obtained_ from RDS-2 an~ .'State Highway ·.. , . ..: 

Agenty manuals-.(14)_ Mydraulic data needs include cro.ss'sections,_channel and ba~k .. -
. roughness estimates, channel atignme.nt,· a'nd other data for computing channel _,::. _.: . 

~ . . . - . . . . . . . ,.,. 
hydraulics , up to and including water surface profiles calculations. Analysis of basic 
sediment transp~rt conditions requires information on _land use, ,soils , and geologic · . 

. ... conqitions , sec;!iment,sizes -in ttJe wat~rst:led an.d char)nel., ancf ?.Vciilaqle rneasu ~ed r. • ;;· 

··, sediment transport rates (e.g ., from USGS gagiog stations) .' J ., J -.. • • 

More . d~tailed qoantitati~e analy~es r~q~ire"'data ~~hie properties•of bed and ba~k _ _ 
' ma~erials and ,' at time s, field data.bn Jbed-load and' suspended-load transport rates. · .. - . 

Properties of bed and bank materials that are important to a study of sediment · 
-· . -transpol} include;size, shape, fal l; velocity, cohesipn , density, and ,angle 'of repose ., 

. ' ' 
~ ----~~--~------~--~------~-· ----~---.-- ------=-----~----~----

"' • ~ • "' ·; .t'. .; _,I ~-·· • ., .. J ."': / ,. , 

. ·4.3.3 teveL3:--' Mafhematlc_al an·d_-·P~ysi'cal Modei s~udies_ · .. ~"- · ·: ·. 
~ . ' ,. 

. ": . ~ ~ ... -. -
· .. Applic?tion of mathematical and' physical model studies requires .the same basic data . 

as a Level 2·analysis, but typically in much greater detail. For example , water and · 

•
. - sedime~t routing· by_ mathematica( modeis (e.g ., BRI.-SJ ARS or·HEC-6), and -· . " ·, 

.•· construction of..a physrcal model , would, both require aetailed channel cross-sectional ' 
data.(29,30) }he more ·exten_sive data requrremerits fqr either_ mathematical -or physic~l 
mod.el studies, co~Q.ined with the·.ads:Jitionallevel of E2ffort needed ~o complete sue~ . 
studies, results in a relatively .large scope of work. ' · · 

. ' 

·:; .. ~ . 
• • • J 6> 

":'"· .... : 

. 
•' 

. Prelimin;:try .stability dat~ ·rl]ay be ·availabl.e:from goverrimer]t agencie? such~ as the usico~ . 
Natural Resources Conservation Service (formerly Soil Conservation Service, SCS), USGS, local 

. river basin commissions , and local watershed districts. These agencies may have information on 
historic streambed profiles, stage-discharge relationships , and;sediment load characteri.stics. - · 
They may-also have- information on past and planned activtties that affect stream stability. Table 5 

- provides a list of sources· for the various data· needed. to assess -strearll stability at a sitE? . . 

4.5 Level 1: Qualitative and Other Gec;>morphic.Analyses 
_~ . .... :-

.. r • ~ "' .. 

A flow chart of the typical 'steps in qualitative and· other geomorphic analyses.is provided in Figure 
.. • • r" •r • - 1 • •• "'I': 

~- ·The six steps are 'generally-applicable to ·most stream stability problems. These steps are -
~iscussed_· in more detail if} the following p~ragraphs. As $h~own on Figure 1_9,.the qualitativ·~ 

.., - ,. 
·' 



. ·~ .. ~ . - - ::~ ~- _, -· - h . .~ ';- --:.- ~ \ , ·;, J - • ' . ' ·:-;~ > j: ~ :· _, -~~ ; .: • .• . . ~ -

- eJaiu?tron lead-s _to a conclusion r.egarding the need 'for. mo_re ·detaile8 (Level 2) al"}alysis or.?. ' -, ;;.. . 
decision·t_o proceed direct_ly to bridge ~c6ur evaluation .or selection anc}. design of . · ·. :--

.....i..ountermeasures based only on the qualitative and other geomorphic analysE?S. Selection an·d 

..rsign of countermeasures are piscussed in Chapter 5 and Chapter 6, respectively. A Level '1 
qualltative_ an~lysi~- i~-a pr:~requisite }_or'-~ L_ev~l 2 erigine~ri!lg ~nalys~- f~r b_ridge desig-n or,. ,. _ . 

· reha~il!tation. , . . ~ ~·· .-~ ; . , " ·.. . , , ~ 
. · 

• 

• 
. . 

J"· 

.... _, - '-..• 
-' 
•• J 

·"'~ ·' · : .. ;· ·Table 5. Li~lot Data Source~ ·{after FHWA)(26) ·· · . 
-- . 

Topographic Maps: 

(1) Quadrangle maps- U.S. Department of the Interior, Geological Survey, Topographic 
Division; and U.S. Department of the Army, Army Map Service. 

(2) River plans and profiles- U.S. Department of the Interior, Geological Survey, 
Conservation Division. 

(3) National parks and monuments- U.S. Department of the Interior, National Park Service. 

(4) Federal reclamation project maps- U.S. Department of the Interior, Bureau of 
Reclamation . 

(5) Local areas- commercial aerial mapping firms. 

(6) American Society of Photogrammetry. 

Planimetric Maps: · . 

(1) Plats of public land surveys- U.S. Department of the Interior, Bureau of Land 
Management 

(2) National forest maps- U.S. Department of Agriculture , Forest Service. 

(3) County maps -State Highway Agency. 

(4) City plats - city or county recorder. 

(5) Federal reclamation project maps- U.S. Department of the Interior, Bureau of 
Reclamation. 

(6) American Society of Photogrammetry. 

(7) ASCE Journal - Surveying and Mapping Division. 

Aerial Photographs: . . 

(1) The following agencies have aerial photographs of portions of the United States: U.S. 
Department of the Interior, Geological Survey, Topographic Division ; U.S. Department of 
Agriculture, Commodity Stabilization Service , Soil Conservation Service and Forest Service; 
U.S. Air Force; various state agencies; commercial aerial survey; National Oceanic and 
Atmospheric Administration ; and mapping firms. 

(2) American Society of Photogrammetry. 

(3) Photogrammetric Engineering . 

(4) Earth Resources Observation System (EROS)- Photographs from Gemini , Apollo , Earth 
Resources Technology Satellite (ERTS) and Skylab. 

- -

:; - . --: : ; 
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Transportation Maps: 

(1) State Highway Agency. 

Triangulation and Benchmarks: 

Geologic Maps: 

(1) U.S. Department of the Interior, Geological Survey, Geologic Division; and state 
geological surveys or departments. (Note - some regular quadrangle maps show geological 
data also). 

Soils Data: 

(1) County soil survey reports- U.S. Department of Agriculture , Soi l Conservation Service. 

(2) Land use capability surveys- U.S. Department of Agricu lture , Soi l Conservation Service. 

(3) Land classification reports- U.S. Department of the Interior, Bureau of Reclamation. 

(4) Hydraulic laboratory reports- U.S. Department of the Interior, Bureau of Reclamation . 

. " -

Climatological Data: · 

( 1) National Weather Service Data Center. 

(2) Hydrologic bulletin- U.S. Department of Commerce, National Oceanic and Atmospheric 
Administration. 

(3) Technical papers- U.S. Department of Commerce, National Oceanic and Atmospheric 
Administration. 

(4) Hydrometeorological reports- U.S. Department of Commerce, National Oceanic and 
Atmospheric Admin istration ; and U.S. Department of the Army, Corps of Engineers. 

(5) Cooperative study reports- U.S. Department of Commerce, National Oceanic and 
Atmospheric Admin istration ; and U.S. Department of the Interior, Bureau of Reclamation . 

Streamflow Data: .-

(1) Water supply papers- U.S. Department of the Interior; Geological Survey, Water 
Resources Division. 

(2) Reports of state engineers. 

(3) Annual reports- International Boundary and Water Commission , United States and 
Mexico. 

(4) Annual reports- various interstate compact commissions. 

(5) Hydraulic laboratory reports - U.S. Department of the Interior, Bureau of Reclamation. 

(6) Bureau of Reclamation . 

(7) U.S. Army Corps of Engineers , Flood control studies. 

Sedimentation Data: 
- -. 

.. ...... ·. ' .. . 
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(1) Water supply papers- U.S. Department of the Interior, Geological Survey, Quality of 
Water Branch. 

(2) Reports- U.S. Department of the Interior, Bureau of Reclamation ; and U.S. Department 
of Agriculture , Soil Conservation Service. 

(3) Geological Survey Circulars- U.S. Department of the Interior, Geological Survey. 

Quality of Water Reports: 

(1) Water supply papers- U.S. Department of the Interior, Geological Survey, Quality of 
Water Branch. 

(2) Reports- U.S. Department of Health, Education , and Welfare , Public Health Service. 

(3) Reports - state public health departments 

(4) Water resources publications- U.S. Department of the Interior, Bureau of Reclamation. 

(5) Environmental Protection Agency, regional offices. 

(6) State water quality agency. 

·-.. 

Irrigation and Drainage Data: · 

(1) Agriculture census reports- U.S. Department of Commerce, Bureau of the Census. 

(2) Agricultural statistics- U.S. Department of Agriculture, Agricultural Marketing Service. 

(3) Federal reclamation projects- U.S. Department of the Interior, Bureau of Re~laf!Jation. 

(4) Reports and progress reports- U.S. Department of the Interior, Bureau of Reclamation . 

Power Data: . 

(1) Directory of Electric Utilities- McGraw Hill Publishing Co. 

(2) Directory of Electric and Gas Utilities in the United States- Federal Power Commission . 

(3) Reports - various power companies, public utilities, state power commissions, etc. 

Basin and Project Reports and Special Reports 

-~ 

,.. 

.. 

(1) U.S. Army Corps of Engineers. 

(2) U.S. Department of the Interior, Bureau of Land Management, Bureau of Mines, Bureau 
of Reclamation , Fish and Wildlife Service, and National Park Service. 
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· Figure 19: Flow-Chart-for Level-1 :-Qua]itative Analyses · ' 
~ .. .. 

f'.5._1 Step 1. D~fin~ Stream Characteristics . . . 

. " 

• > 

; ;. 

., 

The first step in stability analysis is to identify stream characteristics according to the 
- ·· fa-ctors ~iscuss'ed .ifl. Chapter 2,.-Geomoq)hic Factors and: Principles.·,Defining the • · , 

" .t· •• variou~ characteri$tics _of the str_eam:a~cording .t_o this scheme provides insight into 
stream behavior and resp-onse, and information on· impacting activities in the · 
wat~rshed. · , · " -

' . 
4.5.2 Step 2. Evaluate Land Use Changes 

• . . 

' . ~ 

_.. 

-·' 

.. 
, ·· Water anfi sedime_nt yield_from ~ vyatersh~d is a furction qf land-w~e practices. Thus, .· , _ 
~ knowledge of the land use and historical' changes._ in land use is essential to · ~ · 

understanding conditions of stream stability and potential stream. response to natural : . - · 
and man-induced changes . · •• 
Th~ presence o'r --absen~e of vegetative growth can have~a significan,t influence on th~ 

; . , ·' , ·. 
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runoff and erosional response of a fluvial ?YStem. Large sc.ale changes in yegetation 
~.esulting from fire , logging , land ·Gonversion aod urbanizatio"n can ~ither increase qr . . 

J · decrease the tota!, water and sediment yield from a watershed. For e·xa·m-ple, fire and· -. ··· ~ 
• ~··· -~C?gging te.nd tQ '·i _n~rease,water and sedirl)ent yield , _ w~ile .~baniz~~ion proruotes :_ -~:- • .. :'. · ~ 

· mcreased water-y1elg and peak flow~ ; but decreased sed1ment y1elq ~rom the .' ... ·.. ··, 
- . .water?hed. Urbanizatipn may increas~ sediment. yield from the ch?nner . . , .. , 

. ~ . , . '/ 

Information on land use history and trends can be found in Federal , State and Local 
. . go~ern~ent documents 'and reports (i.e.: census informa:tion , zoning maps, future: ·. 
··: development plans ,"etc.) . Additionally, analysis-of historical aer1al photog.raphs can -· ""-
=·'.provide significant insight on land use changes . Umd use -change due ·to urbanization 

can be clas-sified based on estimate~ changes in" pervious and impervious cover. r • . 

Changes in vegetative cover can be ·classified as simply as no change, vegetation .: 
increasing , vegetation damaged and vegetation destroyed. The relationship or .. 

. ··correlation. between changes .in ·channel ·stability and lanq use changes can contribute ·: · 
': to a qua'lftative: un_derstahding of systefl: ·'respo~?e mec~anisms : ' .- ... . ;:: '. . . 

....: ... ,~ . r- ,.. J ·~ ... 

-< 

. 4.5.3 ~tep 3. AssesJs Overall Streain_ Stability __ :~; · _-· ' · 
. ~ .. - . 

Table 6 _summa[i:z;,es possible channel st9bility i~t~rpreta!ions according t9 .strea~ 

.· .. char~cteristic~::discu~sed in Chapter 2 (Figure 1 )/as yvell as ad,ditlon~l factors lpat 
commonly influence st[eam stability. Figure 20 ·is also ·useful in makin'g a ·qualitative 

·asses~men·t of stream stabilitY' based on -stream chara-cteristics. It shows 'that straig.ht . · . -
• chaRnels are relatively -stable only Where flow velochles ana sediment load are low: As · . 

- these-variables increa'se , flow meanders in the channel causing the formation of . , 
alternate bars and the initiation of .a meandering cbannel. pattern. Similarly·, 

·,.,.. rhea.ndering c~annel_? are pro·g~essiv~ly less st~bie w_ith increa~ing v.eloc!ty ana~ bed ... . : 
· load. -At high values ol these variaqles, .-the chann~l becomes braided. The pres~n~e ·.::. 

-.. -- ·arid. size of point .tjars and middle bars are indications of tfie relative Jateral -stabili!y'of -. 
a· st[eam channel ~ : : ·. . _ · · · · · 

~"' .. , ~ / / 

Bed mat~ rial transport is directly related tQ stream power, _and. relative staqility - ~ 
. ·decreases as str~am power increases as shown by Figure 20. Stceam power i.s the 
,. product 'of shear stress at the bed and the average velocity in the chan'nel section. r - .• .. . . . 

.Shear stress can be determined from the gross shear stress equation (yRS) where ;y i s · , -
the ·specific weight of water, R is the .hydraulic radius, and S is the slope of the energy 
grade.line. · ·· / · 

- -. 4.5:4 St.ep 4: Evaluate Lateral Stabjlity 
. -

r-

•• 
., 

# ~ , • , • .~ • • 

The effects of lateral instability of a stream at a bridge are ·d~pendent on tlie_ extenrof 
the bank erosion and the design of.the bridge. Bal"}k erosion can.undermine'piers and 
·abUtments located outside the channel and erode abutment spilr'slopes or breach . 
approach fills . Where bank failure is by' a rotational slip , lateral pressures on piers 
located within the slip z~ne may .cause cracks in piers ~x: piling or di~plac~ment 6f·piE?r 

'. founaations. Migration of a berid thro·ugti a bridge opening changes the direction of 

.. 
' "' . r JO 

•' 

, 



..... - . ..,,. . , . . 
. ' _flow through the ~pening so thqt ~ pier designed and constructed _with a round-nose . 

. . : acts .as ·a blurit-nose~t enlarged obstruction in the flow; thus ac9entuating local ,an·d · . :" <; ... 

• 

- :~ :·, c~ntract_i~~ scour.: _Also, · t~e. d~~elopme~t ?f ~ poi~n~ ba_r .o_n_ the i~si~e oft~~- mig_rati~g .- ... 
7 

· 

pend can mcrease contraction at the bndge 1f the outs1de bank 1s~constra1ned from 
_ erodi~g . Figure 21 ·Wu~trates sorr1e·6f !he probler:ns-of !ateral erosion ·a! bridges. : 

. ·,..· 

Table 6. Interpretation of Observed Data (after Keefer et a1.)(31) . 

Observed Condition Channel Response 

Alluvial Fan1 

_' · I Upstream 1 X 
· rl --~~-===~~~~D~o_w_n_s-tr-e-am=-~--~--~~-----~ _ X 

X 

X 

Dam and Reservoir 

' . -~: j Upstream I I X 

j Downstream Cr-1 --:-X-:---r -...,..,X:----r-----"-

X 

River Form 

Meandering I X X I Unknown Unknown 

Straight I X I Unkn~wn Unknown 
-.•· 

Braided I X I Unknown Unknown 

Bank Erosion I X 1 Unknown Unknown . J, Vegetated Banks I X I 1 Unknown Unknown 

Head Cuts '-=l X I X 

• 

Diversion 

Clear water diversion I X X 

Overloaded w/sediment X X 

Channel Straightened X X 

Deforest Watershed .I X X 

Drought Period X 1 X 

Wet Period I X X 

Bed Material Size 

I I X X 
r-~----~~------~D-e-c-re_a_s_e--==~--~~~~---~rl --~X~-~r~U~n~k_n_o_w_n_r--~X~---• 

Increase 

y. 1The observed condition refers to location of the bridge on the alluvial fan , i.e., on the upstream or 
downstream portion of the fan . 

... •• J 
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.. Fig~re 20. Channel Classification ~n-d Relativ.e Stability as Hydraulic Factors ·are 
. . . . . . Varied (~fter Shen et _al.)(s) . · . . · . 
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~igure ?1. Hydraulic · P~oblems at Bridges Attributed !o E~osion afa J3em;i or to . . . .. . 
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. ·. .. ': _.: -·_· Lateral Mi_g·ra.tion of-the Channel (after Brice and -Biodg~tt)(1 ,2) / ;.. -
, ¥ 1 • ~ • ·, ':' ;, _,r -·· :- #' ''". ; ~ - II' •t .l • '"" • . -" • ·...-~ . -. ."" . .... f .,..., • 

_ ·A 'field inspection fs a ·critical comp'onent ·of a qu~_litativ·e ass~ssmerit _of latera( stability. '- · - _ -

• 
_A comparison o! obs.erved. field _c?nditions with t~e d~scriptions o~ ~tabl~ ~nd unstable - . -

. channel banks presented 1n Sect1on 2:2.8 helps qual1fy bank stab1llty. S~mllarly , field . · 
observations of bank material, composition and existing failure modes can provide 

'' insight on bank 'stability.- based ofl the .descriptions of cohesive , non-cohesive and· ~ 
"'; composite banks giv.en in Section 2.2:8. ·An evaluation ·of l<;:~terc:iT stabiiity in conJunction 

·.- '·y-Vith. th~ de~ign gf ·a.bridge should tak$ the performanc~~ of existif}g nearby-bridges 
· into ~account. The._experience of such structures which have been subjected to the . · ' 
--impacts of the stream·can provide insight into-response at a nea'rby stru_cture. -. 

- -
.- ~ateral stability -assessment c.a.n ~lsq be -completE?d from ·records of the position. of. a 

:r- bend.at two or ... mo,re :different times;'aerial photographs or maps, are ·us·ually the-pnly '-. · 
'. re.cords ayailable .' .Sur:vey~d ccoss section_s are extremely _useful althol1gh rarelY: : 
·a-vai!able. Some-pr9gress is-being m~de . on -the numerical prediction of loop · ·- · · 

·. deformation and -bend_ migration .(Leve_l .3 type analyses). At present, however, the · -
best available estimates are based on past rates of lateral migration at a particular 

. _reach. In using t~e estimates, i~ .s.hould be recognized that erosi.ol! rates may fluct~ate 
'- ,_ sub~tantially f(.ofi1 on_~·_p.eriod 'of years to ·the next.' _·, -. . ! .• ~ -. r • •• . -~ ' 'r : 

'I" ' : • -.. 'l ,"! \ J'~ - • • ,; •• • .;:: ' • •' 'J •· • .. • 'l • • 

'.Measurements ;Qf ba~k erosion on-two time-seque.ntial aerial photographs-( or maps) . 
reql!ire the ide_ntifiqa!Jon of referenc;e_ points which _a r~ common to bci'!h. Useful ... ·: 
·reference points include roads, buildings, irrigation canals , bridges and fence corners. · 

• 
This analysis of lateral ·stability is greatly facilitated by a drawing of changes in bank 

· line position with_.time. To prepare·such a drawing,· aerial-photographs are matched in 
, .. scale and the photographs are·superimposed holdin'g .the reference points fixed . -

: 

1

•r1 • - • - ' r1 ,.··~ .J '•: - ,.. .,._, ~ "" .J • - .. "'., •.. • • - ., .. .; • - r;r • ,r' ~ ... -

_ · ~. 'A site of potential avulsion (channel shifting to n~w flo~ path) in the vicinity of a · · · 

• 

~-highway stream . cro~sing should_ be _identified so' ,tha~ .steps can· be-tal< en to mitigate · -~ 
, the effects of·avulsion-yvhen it occurs . A careful study of aerial pht>tographs will show 

where overbank flooding has been taking ·place .consistently and where a channel 
·· · exists that can 'capture tbe flow iri the existing· channel. In additior( topographic maps · ~ 

J. and special surveys may show .that tfie channel. is indeed perched .above the ~-· 
- surrounding alluvial surface, with the in-evitability of ~vu .lsion. Ge'nerally,· avulsion·, as 
the term is usedrher$, will only be a oazard on alluviql fans, "alluvial plains, deltas; anq 
·wide alluvial vall'eys~ In a progressively aggrading situation , as ofi an alluvial fan ; the ' 
stream will build itself out.of its channel and be very susceptible to avulsion. In other 

··words , ih a cross-profile ·on an alluvial fan or plain,-it may be foun€1 that tlie river is-
.... flowing between nat~ ral'· levees , at a ·le.vef someWhat .higher than the ·surrounding area: . 
. In this ·case , avulsion is inevitable .. 

-~ .I ",.A ... 

4.5.5 Step 5: Ev-aluate Vertical Stabi.lity 

~ The typical effects al?so~iated with bed ~levatio_n tha~ge; at high~ay_ bridges are ; 
erosion at abutments ~~_nd the e~posure and undermining offouf!datiori~ from , 
degradation , and a reduction in flow area from aggradation under bridges resulting ·in 
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··::. more frequent.f!ow_ ov~r the hig~vyay. ~ank cavi~g associated '«!th degr?dation r::oses ··.- , · : 
. the .?ame·problems ~t bridges 'as lateral erosion frorrJ .·bend migration,, but the -· · , _ 

proolems may,.be more severe because of the lower . .elevation of the ~treambed. : !. 

• Aggrading stream channels alsei tend to become wider as aggradation · progress~s·, 
eroding floodplain areas and highway embankments on the floodplain . The location of 

. ·the,bridge crossing _up_stfeam; down,stre~m ! or ot1 · triputa ~ies may cayse ~ed elevatio!l 
'"". problems. r •.• - ' "".·~ • • :~·· . r . - ' r- • .r • ...: 

- .,J' -" . ~ ./ .,. 

B_rown et -al. , reported. that their st~dy indicated th<;It there are serio~s probiems . at ·~. . . , -
. -abo~t three degrad.atiQn sites for_ ~Very-aggradatiorf sit~_ (32) This .is a ~~flection of _th~ : - , 

fact that degradation is more common than aggradation , and also the fact that · · 
_aggradation dqes not endanger-the bridge foundation. It is not ~n _ _indication that 

-,;. aggr_adation is;~ot a ~-erious pr~blem-: i _n ~ome ·areas - ~f_the Unite9 'Stat~s . · 
., "" • •t 'I"' I'" .. •• • ·~ • r : 

- .Problems other than .those most-common~ associated with degrading 'channels 
include the · undermiRing of cutoff walls , .other flow-control structures, and bank -

__ ··protection. Bank sloughing because of degradation o'ften greatly increases the amount 
of debris carrjed by the· stream and increases the potential for blocked waterway 

. ·openings and. increased·scour .at bridges. The hazard of local scour becomes greater 
_ .. __ in a deg'rading-"-stream'because of the.lower streambed elevation. . -" 

,.. ' :.. "' J •• '.. .: ,. ......... "' • •t;' •. • r, :1 _,1 •. ' 

-. Aggradation in ~-·s-tream · channel iricreas·e·s the frequenGY of backwater that can c;ause
__ dan:age. Bridge. decks and appcpacti roadways become inunda~ed more frequently, ~ 
disrupting traffic, subjecting the superstructure of the bridge to hydraulic forces that 

• 
can cause failure ,· and subjecting approach roadways to overflow that can erode.and 
cause failure of the .embankment. Wher~ lateral erosion or increased flood stage-s . . 

-- ~, accompanying. aggrcid<?tion increases t~e debrf~ load' in_ a strean; . the' h9zards o! 

• 

clogged bridge wat~rways and_·hydraul_ic forces on ·bridge supe(structures are 
incr~ased. · · ; ~., · .· ~ · . · ·: · · · . ~ · ; · . · -~ ; 

Data records-for at least several years are usually needed to detect bed elevation 
. r?roblems·. Thi~. is due to the fact that the-chan_nel bottom-often_ is t)Ot visi~le an_d . ; 
changes in flow depth ~may indicate changes in--the rate of flow rather.than bed ,. 

·· elevation changes. Bed ·elevatibn changes develop over long periods of time even · --~ · · 
't~ough rapid cha-~ge_~can -occur during· an -extreni~ flood event. ThE?. data needed fo . ·. . -
assess bed elev.atiofl changes include historic streambed profiles, and long-term . · . -:.. - -

· trends in stage·-discharge relationships. Occasionally, Information on bed elevatio'n · • 
_changes can be gained from a series of rnaps prepared at different times. Bed 

.I - - " " 

· _ .. elev9tions at ·railroaq, highway:_arid pipeline crqss'ings monitore,g 6ver time may; also - _. 
··, be useful. On many large streams,_the long-term trends have be#en analyzed and 

documented by ~agencies ·such as the ·u?GS and the USACOE. · · ·· 

4.5.6 Step 6: Evaluate Channel Response to Change . 

~ Th~ ,knowledge ~nd· -Insight developed from evaluation of present ;ana. historical ·· 
channel qnd watershed conditions, as deyeloped above through-Steps 1 tbrough 5, 
provides an underst~mding of potential channel respo'nse to previous) mpacts and/o~ . 

·, - .-, 
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! ~-··,_prop~sed. chan~e.s, such as construction of a brioge.'r Add-itionally, _the ~p~lication of . . . 
· simple , predictive geomorphic relationships ,·such as=the Lane relationship (see · ·.. :: ·. ·. 

Section 2.3) can. assist in evaJuating "channel respon.se mechanisms. ·section 2.4 :4·0 · · 
.• ~ illustrated the evaluation of stream response based on geomorphic and other · 

qualitative co.nsiderations. Additional applications. of Level 1 analyses techniques to 
-~. bridge related ·stream stability problems can be .foun'd in Chapter 8 of ·l:ii_RE.(4) r 

4.6 Level 2: Basic Enginee.ri·ng -Analyses · , · r • 
J 

. . 

A flow.;chprt of the typical rstep~$ i~ basic er,1gin~ering analyses is provided ~n Figure 22: ThE? flow 
:."->. - ':.1'· .. •••• ~- .. • • ;r .. .._ ¥ ~ - ,. ./'. 

chart illustrates the ~ypical st~ps to b~ followed if a Level 1. qualitative ~nalysi~ r~sulted in a . . 
- decision that Level 2 analyses were required (Figure 19). Jhe eight basic engineering steps are 

generally applica'ble,to most strea.m stability prpblems and .~are discusseq in more detail in. the · 
paragraphs·which follow. The basic engineering analysis steps lead to ·a conclusion regarding the 
need for more detailed (Level 3) analysis or a decision to proceed to bridge design , scour 
evaluation, or .. selection ar,Jd .design ·of cou_ntermeasures w.ithou.t more complex :studies. Se!ection 
·and 'design of countermea,sures 9re~oiscu§sed in Chapter 5 and Chapter 6,·respectively. .. · .... , "' ";·' . , . .. . 

•

.. . ' Qetailed disc~ssi,on of hydrologic;analysis .. tec~niqu~~ . in parti~ula,r the analysi? of, ~ 
flood _magnitud~ and.frequency'! is presented in HDS-2 and will -not be repeated ·. 

_ . · here.~14) 1::-lowe·v~r., several hydrql~gic co_n.cepts.'qf particular significance to evaluation 

• 

of _stream stability are ~ummarized. · · 
. . -· ... __ .. , ~ .. . 

• < Consideration of flood' ~istory is an integral step in attempting to charaCterize -
watershed response and morphologic evolution. Analysis of flood history is of 

· ·- particul~r impo'rtanGe to ~unders'ta·riding a:rid region-strean) characteristicS: Many' · , . · .. 
,_: dryland ·stream-s flow on.ly during the ~spring and immediately after major storms·~· For · · ·. 

, exa,mple,-Leopold ; eta I. .found that arroyos ne~r · Sar:tta Fe~ New ·Mexico', flow only . :. · 
abovt three times a 'year.(33) As Erconsequence, ·dryl~nd stream resp~mse can be · 
·considered to be more hydrologically dependent than streams located in a humid 
environment. Whereas the simple passage of time may' be sufficient to cause cha.nge · 

. . . in a_ stre-am located in a humid envir~:m.ment, time alqne , at least in tt"le short term , m~y 
..- not necessarily cause change ·in a dryland system. due to the infrequency of .- ·~ 

·hydrologically significant events~ Thus, ·the abse·~ce of significant morphol0gical 
changes in a dryland stream or river, even over a period of years , should not 
necessarily be construed as a.n indication of system stability. , . 

;- - . - . 
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Figure 22. Flqw Chart for Level 2: Bas.ic Engineerif!g Analy_ses 
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f· Although the occurrence of single la-rge storms··can often· be directly 'related to system· 
.,.. " • J" •• ... r-

J change in any region of the coul')try, t~is . is not always the..case: 'lf'1 .particular, the . . , 
succession of morphologi~ chaflge .may be linked to ·the concept of geomorphic .~ .. ··_: 
thresholds as proposed by Schumm ~(3) Under:. this c6ncept, although_ ·a single major. : 
storm may trigger an erosional event in a system, the occurrence of.such an event 
fJlay be the result of a cumulative, process leading to an unstable geomorphic , 
con'dition. ;• ,.. : "'' r . .• ;r, • 

' ' I , 

.I 

. ~ 

:... ,;' 

. - . 

Where available , the study of flo~d records 9nd correspon-ding system responses , as · - -

,. 

• 

indicated by time-sequer:tced aerial photography or other physic~l information , may , 
help determine the relationship between morphological change and flood magnitude 
and frequency. Evaluation of wet-dry cycles can also be beneficial to an · 
underst~nding 'of historiqal system respo:nse. Obseryabl~ historicaf c.hange may be ·r 

--~ found to be better correlated with the' occurrence of a sequence. of events during a 
· period of -above average rainfall and runoff than with ~he single large~ event. The study 
of historical weFdry .. trends may explain certain aspects of system response. For · -~ 

-example, a large storm preceded by a period of above-average precipitation may .~ ~ 

.- .' ; - .. -. . ... ... .. 
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. 
: ·"·.· · ·resu_lt in less ero~i.on:, du_e to bette~ ,v~getative cover,.Jhan a ~or:np~raple ~t6rm ~--,: _ 

·. ~·occurring under dry·antecedent conditions; however; runoff volumes might be greater 
due to saturated soil conditions. • . 

• . :'-- A.-gQod tnethod -t~ ·evalu~te we.t~d~ cycl~s is fo. .~lot .ann~al raint~ 1 l ~mou~ts, r~n~t( . ·,. ~ ~- . 
, • ··, volumes and maximum annual·mean daily discharge for th·e period of record. 'A ·· .. , .r- . · 

/ 

· · cbmp.arison of these gra·p-hs will provide insight to wet-<;lry -cycles and fiood · · ; · · 
__ occurrences. Ad,ditionally, a plot ofthe ratio of rainfall-to runoff is a·good indicato~ of : 
watershed characteristics and historical changes in watershed condition . -

". 4.6 ~2 Step 2: ~v~luate_ Hydrai,Jiic· Con_dition_s~ . -
......... "'.-.•· 0 •• 

"'. ..... . . ; - ,.,;. . ...... ~· - ~' . ' . - ~- . ' 

· Knowledge of basic hydraulic conditions, such as velocity, flow depth. and top width, 
-etc. ,' for given flood ev.ents is ~ssential for comrletiorf of Level_ 2 ·stream stability ·.: -
analysis. Jncipient motion_ analysis , scour analysis, a·ssessment of sedimel}t transport 
capacity, etc._ all require _-basic hydraulic inforll}ati9n. ~ydraulico inf9rmatio~ is . ;:· 

• ·· som~tir11es required for both the maif:! _channel and overbank areas, such··as in the 
_~ :: ·· analysis qf cp~tradion -sc9ur. _ ·~- . . ' · _ . 

. . , ·=-· • ·' , • 

r· . Ev~(uation of hydral!lic condition's. is based .'qn the factors and princip.les reviewed. in ., - '" ,) - .. ) - " ,. 
· Chapter 3. F0r many river-systems, particularly near urban areas, ·hydraulic · · . . 

" information may be readily available from previous studies, such as flood insurance 
studies, -channel1mprovement projects, etc., and c'or,nplete re-aii'alysis m?y not be r 

• 

·so necessary. However: ·in '"other areas', hydraulic analySIS .based on appropriate J• 

, analytical techniques will be re_q'uired prior to completing other quantitative- analyses in 
a Leyel 2 stream stapility assess·me~t. The most COrl!mon computer i}lodels for · · _ 
analysis of wate·r surface profiles ~md hydraulic conditions are the Corps of Engineers 
HEC-2 or. the .. new HEC River_Analysis System (RAS) and the Federal Highway . 

· Aaminislration-WSPR0.(20,21,58) For the ~ analysis and design of bridge cro_ssings, : 
0. ' --. WSPRO is gen,erally considered a better model The :computatignal pro<;edure IQ ; 

.WS~RO for evaluating bridge loss is superior to .that'~_tilized in other models, and. the 
input structure of the~ model· has bE?_en specifically developed to facilitate bridge design. 

f / J • - : • -#" I' • ..,. • -- ·· ~ • 

• 

. 
1 I'. .: 

. ~.6_.3 Step 3:_ Be? and Bank Ma!er_ial An.aly~is . . ., .- ~ 
• "' • - r • f. r • . ./' . ., 

·· .. Bed material is the sediment mixture of which the streambed is ~ompos.ed. Bed ·, · 
·material r"aoges ·in 'size from huge boulders to fine clay particles. }"he erodibility or ·· 
stability of a channel. largely depends on the size of tbe particles iri th:e 'bed. · 
Additionally, knowledge of bed sediment is necessary for most sediment transport 
analyses, including evaluation of incipient motion, armoring potential, sediment 
tra!Jspor:t capacity and s~our calculations. Many of t~ese . analyses requir~ knowledge 

"_ of particle size gradation, and not just tbe median (050) sedimeot size: _ ~'- : J -

.. 

. . ·" ": 

8an.k material us~ ally consists of particles the same ··size as, or smaller than, bed-, _ · . 
·particles. Thus , banl<s. are often more easily eroded than the bed, unress protected by 
vegetation , cohesion , or some type of man-made protection. · · 

, ' ' , - . 
-, . 

.-
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.t .. .t ... . ~·- ,., - . ..; . . . . 
Of.tlie various sediment properties, size has the ·greatest significance to the hydraulic· .· ~ 
eng.ineer, not only becau~e size is the most readily measwel property, but also · .• - qec~use other _p ~operties , SUGh a~· shape andJally e_locity, teng toy ary with partie!~ J 

size.~ A comprehensive discussion of.sediment;rCharacteristics, including sediment size 
and its 'Tle~su_rement, . is provide~ in HIRE .(4) _Th~ followil)g irfor~_ation_ briefly._· 

.1 

discusses sediment .sampling considerations. · · .... --"' . . ;-
' •' 

• _, - t' -· 

Important factors to consider in determining where and how many' bed ·and bank 
m_aterial_ samples to coiiE?ct include: . .. 

~ • • - • I;· .r I ·~ -
.- r- •. 1. size anc:tcomplexity of the study area, . ··,. .. ·, ~ / ~. . < .• • t ,. .· 

' , 

., " 2. riymber, length_s and dr~fna~e areas of tributaries, . _ 
., 

. ' 

, · -3. evidence of or.potentia l for armoring , ·.- , 

· 4~ structural feat~res .that can i~pact or be signifi; antly imp~tte'd by sedimenf . 
transport, 

_ , . r · : .. ,.l " .. 

~ 5. bank f~il;ure ar~as ,. .. ~ ... ,. " ·.. . _, 
• · I 6 . . high bank areaS, and . .,., ' •- . ' . r: ~ ':,; .. , 

; 

...... -. " • • - - -· ..... • .. • - ... • •• ,J' • - • • " ·- • - • • I' • - • :. r 

:. 7: areas -ex_hibitin_g significa~t sedjment moveme_nJ: or deposition (i:e. , bars in . ~ . 
. . channel) .. Tributa·ry sediment och~racteristic? can .be very important to chann~l 
stability, since a single m·ajor tributary or tributary source area could be the 
p ~edom_ina~t supplier o~ se_9iment to' a sy~tem : . . , . . : 

,. ·_.. Th~ .d-~pth of bed m~t~rial sam'pling ~depends on the. hom.~geneity of 'surface ana 
• ~ subsurface materials. Where possible .it is-desirable to dig-down some distance to · 

estaplish bed-materi,?l characteristi.c~ . For exampleJ 1_n sand/gravel bed systems the 
··potential existence of a thin surface layer of coarser sediments (ar:mor layer) on top of · 
relatively .undisturbed subsurface material must be considered in any sediment 

· sampling . Samples containing material from ·bothJayers would contain materials from 

' .· . 

,~ two' populations in unkiJOWn proportlons,'.and thus it 'isJypicallymore· appropriate to . ·. -' 

• 

' sample each layer. separately. ff the-purpose of the sar:npling is t~ _evaluate hydraulic 
friction or initiation of bed movement; then the surface sample will .be of most interest. 
Conversely, if bed-material transport· during a large flbod ·(i .e., large.en ough to disturb' 
the surface layer) is important, then the underlying layer may be more significant. 
Methods of analysis are -given in_ HIRE.(4) 

4.6.4 ·step 4: Evaluate Watersh~d $ediment Yield · 
. . _.. . 

Evaluation of watershed sediment yield , and in particular, the relative increase in yield · 
. as a result of some disturbance, can be an important fac!or in stream stability 
assessment. Sediment eroded from, the l.and surface can cause silting problems in , 

· .. stream channels resulting in increased fiood stage and damage·. Con..verse_ly, a . . · 
, reducti.on· in sediment supply can also cause adverse impacts to' river systems by . . . . 
redu.cing the supply 9f incoming sediment, thus prom~pting channeL degradation and : · . 
h.eadcutting . A radical ·change in· sediment yield as a result of some disturbance, such 
as a recent fire or long term land use changes, would suggest that stream instability 

. . . . . " .... 
; 

~ ..:. . 

I .. 
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conditions either_alrea·qy exist, .. or might readily -develop. 

.. . .; 
.. ; •• ..t" 

. .. ;. 

... .. • • 4 . . 
. . , 

··. ~ Assess!J1ent"of watershed sediment yield firs(requires understanding the· sediment . . ·-- • 

•
. ·- sou·rces' in 'the -watershed and the _ty'pes of erosion tnaf are most prevalent. The· ·" ~· -' 

- . ~··. physical processes causi og ero~i6n can' b.e classified as' sheet e~os ion , riJiing , gullying .. -, -
and_stream channel ~erosion . Other._types of erosiona.l processes are classif!ed under : 

• 

-the .category of .mass·movement,: .e ~ g·., .soil creep, mudflows, lands! ides, etc. Data from . 
pu~lications and maps produced by the Natural Resources Conservation Service an_d 

. t_he USGS can .be used along wi_th field _observations to evaluate the area of intere_st. 
, '::- r r • • • • r r 

:- r •. : • , z- • • ., • 

~; Quantification "of sediment yield is. at 'best an im-precise science·.-, The most useful 

_, . . ' 

J- ·-information is typically obtained' not from· analysis .of absolute magnitude of sediment 
yielq, but rather the relative changes-:)n yield as a res_ult of a gi~en dis_turbance. One : . 

. useful approach to evaluating sediment yield from 'a watershed was developed by the -
Pacific Southwest Interagency Committee.(34) This method , which was designed as 

·an aid f~r broad J:>larming purposes ~:mly ,.~ consists-of_a nu~merical rating _of nine· factor? 
"'-~- affecting sediment production iQ a watershed , W,hich _,then defin~s ranges of ann~al 

.sedir:nent-yield. 'The Dine factors .aFe' suiiicial geology, soil-climate , runoff, topography,_ 
ground cover, land.u·s·e, upland erosion; and channel erosion and transport. · .: 

• ·'"' •' • _, - . ,.,. , ,... .r _...,.. 
f' .I •· _., ~"!.. , .. ,I J 

·· Other. approaches to quantifying ·sediment yield are ba.sed on regression ·equations, 
· _as typified by th_e Universal Soil Loss Equation (USLE) . The USLE is an empirical · 
· "- fqrm_ula for pr~pitting a~nual spil'los~ due to st)eet a~d rill eros_iori, and is perh~ps th~ 

· fl)Ostwidely recognized method f9r p·redicting soil erosion . Wischmeier and Smith . 
provide 'detailed.descriptions of ~his equation and its .terms. (35) 

. - -
.. .. J .... 

4.6.5 Step 5: Incipient Motion Analysis -
.. . -. ;:_ ~ . 

; An evaluation -of relative' c~annel stability can be made by evaluating incipient motion 
_ . _ _ _parameters . .T.h~ definition of in~i_pient:motion is' ·based ·on .ihe critical or thr.eshold . 

·· conditions wher_e hydrodynamic forc~s acti[lg on one_ grain of sediment have reached -·· 
· --a value that, if in_creas.ed even slightly, will move-the grain. Under critical conditions,' .or . 

• 
:r 

at the point of incipient motion , the hydrodynamic forces acting on the grain are just · 
balanced by the resisting ·forces of the particle. · ~ 

• ,. ... , • • ... • .. - •• • , l' • , 

• • .. /} ~ .. • ~· .:~ .. : ... ~· .. • 'f' .. • • .. • 'J' • • J ""- ;" 

The Shields diagram may be used to ·evaluate the particle size at incipient motion for 
J·a given discharge '(see HIHE).(4) -For most river flow co~ditions the 'following equation , · .. · -
derived from th~ ·Shields diagraf!l , is_:appropriate _for ~valuation of incipient motion: .· : · 
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(12) , •' 

:. · 0 c. = ·o·o4· 7( -·. · ··) ,. . ·"'-. . ~· . . . . 1 s :- 'I)' . " . • . ··, . ' 

• ;.: where : . . . 
; .. · 

· D~.; Diameter 6f the. sediment part.icie- at incipieY1t ·m;tion conditions, ·m. 

-r = Boundary shear stress (see HIRE) for equations defining the boundary 
shear·stress);J:>-c:( (NJ.m2)(4) . ·, .. ~._.; -'l~-. ' . ~ · · , : . 

, • ·· y; _and y =_·specific_weight!? of sedif!1e_n.t.cln_d water, respectively , · NJ~3 - : 
·0.047 = Dime~sionless coefficient often referred to as the Shields 

• 

• 

· parameter. . ~ 

·" .· , ... · 
.~ . . ' 

As ·originally proposed the Shields parameter was 0.06 for flow conditions in the 
'. turbulen:t range .. The value ot-0.047 ·,was·:suggested by .M~yer-Peter and Muller, and ·r 

.. _ .. ~' .. :(- • • l'- ~' .. • tl' ' 

.• further. support~d by G~ssler.(39 ,37) Recent research has indicated that this coefficient 
- is ·nor constant (values range from·0.02 to-0.1 0), ·and. equations. have been-derived as 
. 'EI"fuoction of surface:and subsurface.particle size. However, the use of 0.047 in . : 

-.. sand-bed chann'els should provide reasonable results i~ most situations. · .. : ' 

/' 

. -f;vai!Jation of_ the; in9ipient mo_ti6n. size for -vari9us_.discharge cQnd (_tions provides - :: 
. ; insight on chafmel sta.bility and what flbod might pote11tially disrupt channel stability. ·. _ ! 

··. Tbe r~sul_ts of such an anf:llysi?' arf? g~n-er~lly more. useful f or analysis of g[avel or .. · . :- _ 
·cobble-bed systems. When appl'f~d to ·a. sand-bed channel , incipient motion .results . · 

..usually indicate ~hat ~ ! I particle's .if} 'ihe bed mater_ial 'are capable .o~ being moved f~_r _ ,: .. -
even very small discharges, a physicalLy realistic result.. · 

.... .. ~ 

._,.:. 4.6 :_6 -St~p 6: Eval~ate ~rmonng · Poteritial 
. } " • • • J • 

~ ~ . . 

J The armoring process begins as"the .non-moving coarser particles segregate from the 
finer material i'n _transport. The coarser particles are gradually worked down into the .- -
bed , where they accumulate in a sublayer:. Fine bed material is leached up through . 

· this coarse sublayer to augment the material in transport. As sediment movement.- . 
·- contin·ues and ·degradation progresses, an increasing number of non-moving particles , ·"· 
··. accumulate in_ the .sublayer. Eve!Jtually ;~ ~oough'·coarse ·-particles · c;;an accumulate to • 

shield , or "armor" the entir~ bed surface. · · ~ · "· 

An armor layer suffiCient to protect the· bed against moderate discharges can be 
disrupted during high flow, but may be restored as flows diminish . Therefore, as in any 
hydraulic design,; the an~lysis must .be based on ·a certai~ desig'n ·event. If the armor ~ . I 

·. layer is stable for that design e'vent, it is reasonable to conclude that no degradation .... , 
· ' will occur under design conditions. However, flows exceeding the design -event may ·. · 

disr~ pt the armor ·layer, resulting in ·fyrther degradatiq,n. While armori~g' of the qea ·by: 
the coarser material size fraction can temporarily reduce the rate of degradation arid_' · 
stabilize the stream system, armoring cannot be counted on as a long-term solution .-

Pote.ntial for dev~lopment of ar:i a'rmo~ layer can be assessed u~i ~g incipient nioti~n - . 

~ ·. .. . . 

' -
. ~ 

.. ; 
• J. r • 

/ 

' 
·. ... 



r· ... 

/ · analysis and ·a representative bed:-material ·composition.Jri this case the . . . 
. _, rypresentative.:b·ed-·rDaterial composition · iS that Which is typical,of'the._ depth Of ,: ·¥ 

·:., anticipated ' degradatio_n. For given· hyaraulic conditions .the incip.iert motion particle .* ?~ze canoe comp,ute_d as -given a~ove· in ·step ·s .- 1~ -no sedrment of-the compt.itea size .·. . -
or la··rger is present in significant quantities in the bed) armoring will not occur. 

... / I' ,.. .. ,• •• . . . - ~ ~ ~ ~.· . • 0 

The 090 or 0 95 size of the representative bed material is frequently found to be the 
.. ·· size "paving the ch~n-f!el" when degradation is a·rms~ed ·. With.in practical limits of • 
~ ..... planning and design; the o95 si;ze is con'siderea to be about-the .-maX::imum size f~x · 

,. 0 0 0 } r • 0 ,.. .. 0 • ' , .1' - ~ " 

· pavement formation.(38) ·Therefore, armoring 'is probable when the cqmputed incipient · 
,... _motipn size is e9ual Jo or smalle~ than the D95 si~e .i11 the. bed m~teriql. . . . ... _: 

. - - . ... .; . . ... . 
By observing the percentage of the bed material equal to or larger than the armor 
particle size (D~)Jhe depth o~.scour necessary to .establish an .armor layer can be .- . 

~- cai~L.llated: (39) ·..... " : .. ... J : ' ·.' ' / • :' r • 
• "' ., • , •r- .. S" - ..r 

, . . 

. _ .. :; . --~ y (-1 ~-~~ -, ·t · . 
. • ·$ . . a R . . .-. . ' . ~ :c ' 

(13) 

.. -... · 

··where: : . -: , . . · . '.I' ·.r- . 
' . ' " .. _'fa = Thi_cJ<ness¥9f.th'e _armoring' l _~yer . . , 

. _ P e =- Decimal frac~ion of material coarser than the armo_ring size . , ·_: · .. 

• T~e .thickness ,of the# armori~g Iaye~ (~a) range~ fr~m-one to three tim.es the ar-mor 

• 

. particle size (De), depending on the '{alue of De. -Field observations suggest that a_ 
. ··~ r~latively stabJ'~ armori!}g condi~iOI} requfres a r'TJinimum'of two layers ·of_amioriri_g . 

,.r 
- . ·_particles. - · ' • ~ ' · . 

4.6.7 Step 7:' Evaluation of _Rating Curve Shifts 

----Whe_n stream~ gag~ ~at"a: are a'i~il~bl~. - s~ch asJh~t C911e.~ted by 'ttl~ l!SGS, ari ,._. : . . . ~ ,• 
: analysis of the stage-discharge rating ,curve over time .can provig~, insight on stream 

• stability. For example, a Ta~ing curve that W§S very· stable for in any years, but · · · . . 
suddenly shifts migh.t indicate a chan"ge in watershed.conditions causing increased . : 
'channel erosion· or sedimentation , or a some other change related to channel -stability. 
Similarly, a rating ~urve that shifts continually would be a good indicator that channel 

· ·- instability exists· .. However, it is ·impqrtant to note that nof all rating· curve shifts arE:dhe 
· result of channel instabilhy. Other factors promoting a shift in a ·~rating curve include · 

.changes in channel vegetation , ice con-ditions, or beaver-activitY: · 

:T~he ·most common· cause of rating curve shifts in natural channel control sections is ·' 
· · generally scour and fiiL(40) A positive shift in the rating curve results from scour, and 

. the depth, and hence, the discharge are .increased for a given stage. Conversely, _a 
- r nega!ive shift. r:es-ults from fiJI , and the depth and disch_arge will .be. less for a given' · 

stage. ', :. 

. ~·· / . •. ·" 



. . . 

. ;r- Shifts may also beth~ result of _~-hang~-s~ in c;;h ~mn~el width . Channel width·· may ... - .. · • 
.. · : .; increase due to bank:cutting , or, decrease due to undercutting of steep_.streambanks. ·· 

•
- .: ~~ · mean'd-ering stre~~s , ·c-hanges ·jn ~tiari nel width_ ce3:_n occur as polnt_bars-are create<;i 

·· _or de~tr?yed. ... .. : · . _. , · ,---- ··· 

• 

• 

, , 

Analysis of rating curve shifts is typically available from the ·agency responsible for the · .. 
·· stream gage.-If such ..information is not available, field inspection combined with the :. 
• methods describ-ed hy Rantz can be utilized to ·analyze observed rating c'urve ·F- • • ~'· • • • 

.- ··_shifts .(4Q)-If the .shifts can -be tra'ced to -scour, fill .br: .chan·nel width changes,-such · 
information will be a ~reliable indicator of potential chan11el instability-. '_, .. 

, .,., •' J'_.M "., ·, ~ I • '"'• • ' j { - .. · - • • '_,-

Gaging stations at which continuous sediment data are .collected ·may also provide 
clues to _the existence of gradation problems. Any changes in the long-terril sediment 

• $- loa8 _may indicate lat_eral movem~nt9f the char~mel , gradation chahge_s, or a change irJ 
··, s_edini_ent supply from'Jhe wa~er$hed. · . ~ ·-· 

... ~ /" 

- ,.. - ': .-· - . . -
·'4.6:8 Step 8: Evaluate Scour Conditions 

, :section--3·A.1 prqvided -~n- overview of scour a·t bridgE? crossings and HEG-18 provjdes 

- detailed' computational procedures.(1_5) F-igure 23 illu'sirates common' scour related '· 
• •f • ., ., J • 

-· . problems-at bridges. These probtems are-attributable to the effects-of obstructions to 
the flow (local scour) and contractiQri ofthe flow or channel deepening at the outside . . 
of a "bend . Calculation-of the three components of scour, local scour, contractiqn scour· ; 
and aggradation/degradation , quantifies the potential instability at a bridge crossing . · 
Scour suspectable bridges are those that show potentially large amounts of any one 

-~ of the scour components, and/or their cu'mulative amount is large. Such bridges ·. 
·~ ~_hould qe carefully m?nitored an~/or .countermeasures ·Installed. . . _ · _ ·. _ 

; 
' 

•f • 

·. 

... 
.... - ': ·-..... : ., 

{.a) O~na1~tiortUr>#lQ flow« ~ ... 
. ~ .. "; ~ . 

r •• "' .._..·· • . .. - . 

. -

- .. 

Figure 23. Local Scour and Contraction Scour Related Hy,d~aulic Problems at 
Briqges Related to _(a) Obstr~ction_s to the F. low o_r (b) Coritractio_n of the Flow or 

~ha_nn~l Deepening at _the Outside of~ Bend(1:2) · 

., 
( 

. (' 
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XII. Illustrated Examples 

A. Crossing Defined Drainage Systems 

1. Lynx Crossing 
2. Rafter 11 Mobile Home Park 

B. Crossing Poorly Defined Drainage Systems 

1. Mason Road 
2. Kolb RoadNentana Canyon 

C. Collecting Runoff Adjacent to Roadway And Conveying Cross-Drainage 
Efficiently 

1. State Route 90-Sierra Vista 
2. Highway 260-Wagon Wheel 

Stantec 
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